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High-temperature brazing is a joining technique being widely applied in the fabrication of 
engine components for the aerospace and automotive industries. Experimental evidences 
showed that brazed joints had enhanced mechanical strength when compared to the bulk filler 
metal. The strength enhancement was almost exclusively attributed to the stress triaxiality 
induced by the mechanical constraint of the base metal. In other words, strain heterogeneity 
would present in a brazed joint and is always associated with the enhanced mechanical strength. 
However, previous investigations provided neither a quantitative evaluation of stress triaxiality 
nor the influence of joint microstructures. Thus, the strengthening mechanism of brazed joints 
deserve further investigation and experimental verification. 
The aim of this research is to identify the strengthening mechanism of brazed joints and 
quantify the effect of joint microstructure and mechanical constraint. The primary objectives 
are: 1) to determine the fracture strength and fatigue life of the Type 304 stainless steel brazed 
joints processed by pure copper; 2) to characterise the microstructure of the brazed joint and 
evaluate its contribution to the overall joint strength; 3) to quantify the stress triaxiality level 
and to estimate the influence of mechanical constraint; 4) to provide an experimental evidence 
for the presence of mechanical constraint. Key findings are summarised as follows. 
Firstly, the mechanical strength of brazed joints as a function of the joint interface 
roughness was determined through uniaxial tensile and fatigue testing. This was to investigate 
whether the joint mechanical strength could vary with different interface roughness conditions. 
Key findings have indicated that the brazed joints showed enhanced mechanical strength when 
compared to the filler metal. In addition, the interface roughness levels had little influence on 
the mechanical strength. This is because all the brazed joints failed entirely within the joint 
centre (i.e. inside the filler metal) rather than at the interfacial region, as revealed by SEM 
based fractography study. 
Secondly, microstructural characterisation has revealed a two-phase microstructure within 
the joint region: the star-shaped Fe-Cu-rich precipitates and the copper matrix. Theoretical 
evaluation of the collected microstructural data has suggested that Cu-Mn solid-solution 
dominated the overall strengthening, whereas contributions from precipitation hardening as 
well as grain-size strengthening were negligible.  
Finally, the mechanical constraint was revealed by comparing the fracture strengths of two 
identical joints but with their interfaces orientated at either 90° or 45° with respect to the 
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loading direction. The 45° joint configuration had a lower fracture strength as compared to the 
90° counterpart, as a result of the reduced mechanical constraint level. The Bridgman necking 
criteria was then applied to derive the longitudinal flow stress at sample fracture for the 90° 
brazed joint. The discrepancy between the theoretically calculated and experimentally 
determined strengths was judged as the influence of mechanical constraint. Thus, the enhanced 
mechanical strength of brazed joints is a concurrent consequence of (i) microscopic Cu-Mn 
solid-solution strengthening and (ii) macroscopic mechanical constraint.  
In addition, geometrically necessary dislocation (GND) distribution was mapped by using 
electron backscatter diffraction (EBSD). The pile-up of GNDs was observed at the base-filler 
metal interface for the 90° joint. This observation suggests that GNDs were introduced to 
accommodate deformation incompatibility imposed by the mechanical constraint. This finding 
is thus considered as an experimental (microscopic) evidence for strain inhomogeneity due to 
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Chapter 1. Introduction 
 
1.1 Brazing of metallic materials 
 
Brazing is a joining technique that differs from fusion welding as it does not melt the base 
metals. It is widely applied in the fabrication of engine components for the aerospace and 
automotive industries because of the minimised thermal distortion. Copper is widely used as 
the filler metal for brazing of stainless steels due to its favourable wetting behaviour [5]. In 
addition, the magnitude of thermal residual stress is usually limited because of the slow heating 
and cooling processes that a work piece would encounter. 
Experimental evidences [6,7] showed that copper brazed steel joints had enhanced 
mechanical strength when compared to the bulk filler metal. For example, Kavishe and Baker 
[7] brazed Ni-Cr-Mo low-alloy steel with copper and it was found that the tensile strength of 
the joint was three times of that of the filler metal. It is believed that the strength enhancement 
of brazed joints was almost exclusively attributed to the mechanical constraint of the base metal 
[8–10]. Upon tensile loading, the plastic flow of brazed joint was laterally restricted by the base 
metal due to material property mismatch, resulting in a triaxial stress state within the joint 
region [9]. In other words, shear stresses developed within a brazed joint cannot propagate 
through the high strength base metal, leading to stress triaxiality. Such a triaxiality was claimed 
to be the reason for the increased tensile strength of the joint [8]. In addition, West et al. [10] 
found that the transverse stresses at the base-filler metal interface increased as the joint 
thickness decreased, causing extra restriction on joint deformation. This implies that the 
mechanical constraint can vary with different joint designs, i.e. by altering the triaxial stress 
state. The term “mechanical constraint” is frequently adopted to explain the enhanced 
mechanical strengths for brazed joints [9], but without a mechanistic-based justification. 
Additionally, previous investigations provided neither a quantitative evaluation of stress 
triaxiality nor the influence of brazed joint microstructures. Thus, the strengthening mechanism 
as well as the plastic flow of brazed joints deserve further investigation and experimental 
verification. 
Because of the high-temperature brazing process, a range of complex microstructures are 
produced in brazed joints. Since the melting point of pure copper is 1085° C, the stainless steel 
brazed joints are usually processed above 1100°C. At these high temperatures, up to 3.5 wt.% 
iron can be dissolved in copper, whereas the corresponding solubility at room temperature is 
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negligible. Consequently, iron precipitation as well as non-equilibrium impurity segregation 
can arise during the subsequent cooling process, forming secondary phases within the joint 
region. Detailed investigations of the influence of iron on precipitation morphology and crystal 
structures have been undertaken by Chen et al. [11,12], where additional iron was introduced 
to strengthen copper alloys via precipitation hardening effect [13]. Therefore, it is critical to 
characterise the microstructure of a brazed joint to capture the distribution of diffused elements, 
and to evaluate its potential influence on mechanical strength.  
In the meantime, various studies have reported the influence of joint interface roughness 
on the mechanical strength of brazed joints [14–18]. The interface roughness here refers to 
surface roughness of the base metals prior to brazing. For example, the influence of interface 
roughness on tensile and high cycle fatigue (HCF) strength of mild steel brazed joints was 
studied by Suezawa [17]. A wide range of interface roughness levels were introduced by 
adopting different P-grade SiC papers from P120 to P600. The maximum tensile strength of 
425 MPa and the HCF fatigue limit of 172 MPa were revealed for the brazed joint that had 
been prepared with P120. This work indicates that a coarser joint interface condition led to a 
higher mechanical strength, which was qualitatively attributed to the enlarged bonding area. 
To this end, one might raise a question as to whether an enlarged bonding area (due to asperities) 
will promote the mechanical constraint effect and thus cause additional strengthening. 
Therefore, it is noteworthy to verify the influence of interface roughness on the mechanical 
strength of stainless steel brazed joint under.  
For engineering design of brazed joints, an in-depth investigation of the mechanical 
properties in conjunction with the mechanism of enhanced mechanical strength is required to 
ensure the structural integrity and sustainable operations. We will firstly design and test 
stainless steel brazed joints to evaluate their fracture strength and fatigue life as a function of 
the interface roughness. This is followed by multi-scale microstructural characterisations of the 
brazed joint using a range of electron optical tools. Theoretical calculation of the joint strength 
based on the microstructural data as well as the Bridgman necking criteria [19] was performed 
to correlate with the experimentally determined value. Furthermore, braze assemblies were 
designed to create two joint configurations with their interfaces orientated at 45° and 90° with 
respect to the loading direction. The design of 45° joint in principle would help to reduce the 
influence of mechanical constraint when compared to the 90° joint. This would then enable a 
direct comparison of the plastic flow capability and the overall strength of brazed joints under 
different mechanical constraint levels. 
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Besides the macroscopic strengthening effect, microscopic aspect of the mechanical 
constraint is also of interest. Studies demonstrated that electron backscatter diffraction (EBSD) 
can be used as a reliable technique for characterising dislocation densities close to interfaces at 
micrometre scale. For example, Kadkhodapour et al. [20] performed an experimental study of 
geometrically necessary dislocations (GNDs) within dual phase steels where GNDs close to 
the ferrite-martensite phase boundaries was one order of magnitude higher than those at grain 
interiors, causing local strain hardening. In addition, Jiang et al. [21] studied the evolution of 
GNDs in copper during tensile loading by using EBSD combined with cross-correlation. In 
this context, interrupted tensile tests were conducted on the 45° and 90° brazed joints in the 
current work. This was followed by post-mortem EBSD analysis, as a new approach for plastic 
flow characterisation, to investigate dislocation characteristics as well as GND distribution 
within the brazed joints. These findings would reveal potential deformation incompatibility in 
the vicinity of the base-filler metal interface and thus serve as an experimental evidence for the 
presence of mechanical constraint. 
 
1.2 Aim and objectives 
 
The present work aims at identifying the strengthening mechanism of stainless steel brazed 
joints and quantify the effect of joint microstructure and mechanical constraint. The primary 
objectives are: 
1) To determine the tensile and fatigue strengths of the Type 304 stainless steel brazed 
joints processed with pure copper 
2) To perform a full characterisation of the joint microstructure and to evaluate its 
potential influence on the overall joint strength  
3) To quantify the stress triaxiality levels and to estimate the effect of mechanical 
constraint on joint strength 
4) To understand the microscopic aspect of mechanical constraint 
 
1.3 Structure of thesis 
 
Chapter 2 gives a brief introduction to ductile fracture of metals as well as stress triaxiality 
encountered in uniaxial tensile testing. This is followed by a brief review of EBSD-based 
dislocation evaluation technique. Furthermore, dislocation structures together with their 
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crystallographic characteristics are detailed, as these are closely related to the deformation 
behaviour of stainless steel brazed joints processed by pure copper. Specific materials and 
experimental techniques applied in the current work are described in Chapter 3. 
Mechanical strength of the stainless steel brazed joints was examined by using uniaxial 
tensile and high cycle fatigue testing. Details have been reported in Chapter 4. In addition, a 
correlation between the joint defect and the corresponding fatigue life was performed, which 
is reported in Chapter 4. 
Chapter 5 presents a multi-scale microstructure characterisation of the stainless steel 
brazed joints. This includes the grain size and texture analysis of the as-brazed joint, together 
with a statistical consideration of Fe-Cu precipitation size and distribution. In addition, 
microstructural contribution to the overall tensile strength is theoretically evaluated. 
The contribution of mechanical constraint towards the overall joint strength was evaluated 
by adopting the Bridgman necking criteria. Details are reported in Chapter 6. Furthermore, 
microscopic aspect of the mechanical constraint is reported, which was revealed by comparing 
plastic flow of brazed joints orientated at 90° and 45° with respect to the loading direction. 









This chapter gives a brief review of ductile fracture process of metals and the role of stress 
triaxiality in Section 2.2. In Section 2.3, dislocation structures and the corresponding 
examination methods are given. Lastly, characteristics of geometrically necessary boundaries 
and incidental dislocation boundaries are discussed. The aim of this chapter is to briefly 
introduce the plastic deformation as well as the microscopic dislocation motion for ductile 
metals, which are key and essential to the discussion in Section 6. 
 
2.2 Ductile fracture and stress triaxiality 
 
The failure of ductile metals that includes tensile and shearing fracture depends on the 
stress state. This is based on the internal process of nucleation, growth and coalescence of 
microvoids [22]. For ductile materials, microvoids nucleate at inclusions or second-phase 
particles, either by decohesion of the particle-matrix interface or by fracture of the particle [23]. 
Upon continued deformation, these microvoids grow and coalescence by internally necking 
down or shearing of the ligaments depending on the local stress state [24]. This would create a 
continued fracture path, which propagates until sufficient loss of cross sectional area and leads 
to final failure. The ligament here refers to the material in between two neighbouring 
microvoids, as shown in Figure 2-1. 
 
 
Figure 2-1: 1 (a)-(e) necking down of the ligament and (f)-(j) shearing of the ligament in 
between two neighbouring microvoids 
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Dimples on fracture surfaces are formed by coalesced microvoids [25]. Experimental 
observation clearly indicates that the lateral expansion of microvoids is primarily controlled by 
the stress state. For specimens failed under shearing mode, the fracture surface was relatively 
flat without clear dimples. For specimens failed under combined “tensile and shearing” mode, 
the nucleated microvoids would be elongated by the shear stress, which resulted in distorted 
shaped dimples. Both the macroscopic failure mode as well as microscopic fracture mechanism 
depend on the local stress triaxiality, which is defined as ratio of the mean stress (hydrostatic) 
to the von Mises equivalent stress. The mean stress σm is calculated as: 
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Studies indicated that ductile fracture mode would change from tensile dominated failure 
to shearing dominated failure with decreased stress triaxiality (σm/σe) [26]. For an axisymmetric 
specimen under uniaxial tensile loading, the stress state becomes nonuniform upon the onset 
of necking. The necking area is a localised region where most of the strains accumulate while 
the rest of the specimen undergoes negligible change in dimension. As a result, further lateral 
contraction is restricted by the un-necked region, thus the stress state changes from uniaxial to 
triaxial. The corresponding stress triaxiality is maximised at the specimen centre and causes 
microvoid nucleation. Bridgman [19] formulated a geometric approximation to obtain the 
longitudinal flow stress that accounts for the presence of the transverse stress components, 
under the assumption of uniform strain distribution in the minimum cross-section. 
Experimental observation of circumferentially notched specimens revealed elevated flow 
stress and decreased strain, a situation in which deformation around the notch root is 
mechanically constrained [27–29]. For a notched specimen, a mass of less-stressed material 
exists above and below the notch. The material in the thinnest cross section of the notch wants 
to contract laterally because of the Poisson effect, but it is constrained by the material above 
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and below. This constraint causes both radial and transverse stresses in addition to the tensile 
stress, leading to a triaxial stress state. This in turn leads to an elevation in the stress-strain 
curve because higher applied stress in the tensile direction is needed to cause fracture of the 
specimen [23,30]. That is to say, the elevated flow stress of notched specimen is a consequence 
of the mechanical constraint effect. Numerical modelling on the basis of finite element analysis 
(FEA) [31] revealed increased stress triaxiality level for circumferentially notched specimens, 
being 0.6 at specimen centre and gradually decreased to 0.33 towards the edge. Thus, the 
mechanical constraint effect in notched specimens is also substantiated by the high stress 
triaxiality levels. 
Wenchao et al. [29] conducted tensile testing of Q460 steel to investigate its mechanical 
strength under different stress states where various stress triaxiality levels were introduced by 
creating specimens with different notch radius. The stress triaxiality level was found to increase 
with decreased notch radius, leading to decreased fracture strains. To this end, it is concluded 
that the mechanical constraint effect in notched specimens is affected by the notch geometries, 
and it can be characterised by calculating the stress triaxiality values. 
Based on the information above, the principle of mechanical constraint effect in brazed or 
soldered joints is identical to that in the notched specimens. Although a notch is not always 
introduced in brazed joints, plastic flow of the joint material is mechanically constrained by 
the base metal (i.e. above and below the brazed copper) due to elastic-plastic incompatibility, 
leading to a triaxial stress state. Therefore, the Bridgman necking criteria is adopted in the 
current study to derive the longitudinal flow stress at sample fracture of the brazed joints. 
Furthermore, stress triaxiality levels of angled specimens at 30° to 45° (with respect to the 
tensile axis) were well below 0.3, leading to shearing-dominated fracture [29]. It is therefore 
inferred that the 45° brazed joint has a low stress triaxiality, hence a reduced mechanical 
constraint effect when compared to the 90° configuration. The design of 45° brazed joint aims 
at promoting a shear-type of failure as the critically resolved shear stress is maximised when 








2.3 Evaluation of dislocation and dislocation structures 
 
2.3.1 Lattice curvature and electron backscatter diffraction 
 
Dislocation characterisation is key to the understanding of plasticity. Dislocations are 
generally revealed by observing the localised lattice distortion via diffraction [32]. Historically, 
dislocations were characterised as discrete phenomena via transmission electron microscopy 
(TEM). While TEM technique can detect distortion fields at length scales small enough to 
resolve individual dislocations, the correlation between these localised measurements to their 
effect on the corresponding macroscopic properties is difficult. This is caused by the large 
number of dislocations involved. This challenge eventually led to the development of 
continuum dislocation microscopy, through which dislocations can be modelled as continuous 
fields rather than discreet ones. Continuum dislocation microscopy depends on the observation 
of local lattice distortion gradients.  
With the development of automated electron backscatter diffraction microscopy, lattice 
orientation can be readily revealed at micrometre scales. Some studies [33–43] suggested that 
dislocation density can be derived via the Nye tensor components [44] from EBSD orientation 
data. EBSD technique allows measuring the crystal orientation at each measurement point on 
the sample surface. Hence, the misorientations θij can be calculated between any two 
measurement points i and j as shown in Figure 2-2 below. The presence of dislocations in a 
deformed lattice may introduce a measurable lattice curvature. The result of this lattice 
curvature is an overall Burgers vector, which explains the deformation from point to point at 
the continuum scale.  
 
 
Figure 2-2: Schematic illustration of change in orientation (as represented by Euler angles: Φ1, 
Φ, Φ2) as the electron beam scans across the surface of a crystalline material. Note the 
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orientation changes only when the beam crosses an array of dislocations that has a net non-
zero Burgers vector 
 
Assuming the contribution of the elastic field to the local misorientation is negligible [45], 
the local misorientation data can therefore be directly converted into a dislocation density. In 
order to determine the dislocation density at each measurement point, the local misorientation 
θij is averaged over the neighbouring points located at a fixed distance from the pixel of interest. 
This local average misorientation θ is the well-known KAM value (Kernel Average 
Misorientation angle proposed by all EBSD data processing software package), provided that 
KAM is calculated using only the peripheral pixels and not all the pixels included in the kernel.  
Using continuum dislocation mechanics developed by Nye and Kroner [46,47], the lattice 
information can be related to the dislocation content of the material. These techniques were 
developed into the first continuum dislocation microscopy technology [35,38,47–49]. 
Calculated dislocation densities may be used to evaluate existing plasticity models [32] or 
applied directly to meso-scale calculations that incorporate GND evolution and effects [50,51]. 
Note that continuum dislocation mechanics only observes geometrically necessary dislocations. 
GNDs are dislocations that are associated with long range distortion gradients in a material, 
relating to heterogeneous deformation. To establish a correlation between the accommodated 
plastic deformation and the stored dislocations, theoretical concepts of statistically stored 
dislocations (SSDs) and geometrically necessary dislocations (GNDs) were introduced. 
 
2.3.2 GNDs and SSDs 
 
Nye [46] firstly noted that dislocation networks are required to maintain the geometrical 
continuity of a material possessing strain gradient in its deformed state. Ashby [52] later on 
described these as GNDs at a continuum scale. SSD and GND were historically distinguished 
by their arrangement and distributions. Homogeneous deformation is accompanied by the 
storage of SSD [53], which are in the form of tangles, dipoles, multipoles. As a consequence, 
their arrangements do not give rise to a significant lattice curvature and hence their Burgers 
vector is practically zero. In contrast, GNDs are introduced to accommodate strain gradient 
encountered during inhomogeneous plastic deformation, which often gives rise to lattice 
curvature. 
Since each dislocation induces a slight lattice curvature at the local scale, each dislocation 
in principle could be defined as GND. Therefore, the distinction of SSD and GND strongly 
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depends on the observation scale and on the accuracy of the measure used to determine the 
misorientations of the crystal lattice. To this end, it was concluded in [32] that there was no 
fundamental difference between SSDs and GNDs apart from their distributions. For example, 
all dislocations within a Burgers circuit whose distortion effects are not cancelled by other 
dislocations are considered as GNDs. Dislocations within the same Burgers circuit that 
collectively cancel each other’s distortion are SSDs. If the Burgers circuit is small enough to 
contain one single dislocation that is similar to TEM dislocation imaging, the dislocation can 
be considered as a GND at that length scale. On the other hand, more dislocations may cancel 
others of opposite signs and form dislocation dipoles without net geometrical effect are SSDs, 
if a larger Burgers circuit is introduced. For GND evaluation technique on the basis of EBSD, 
the size of the implicit Burgers circuit is related to the chosen step size. Therefore, GND density 
can be evaluated through EBSD and the calculated density will depend on the step size used to 
measure the lattice distortion [37] 
 
2.3.3 GNBs and IDBs 
 
Correlation between plastic deformation and the resulting microstructure has been 
experimentally explored by TEM. These studies indicate that individual dislocation or small 
groups of dislocations can be observed at low strains only [1]. For materials with medium to 
high stacking fault energy, dislocations can change their slip planes and form well-organised 
dislocation structures. Such non-random dislocation structures have been intensively 
characterised by TEM in many materials, for example, Cu [54], Al [54–57], Ni [58], 304 L 
austenitic stainless steel [56] and Fe [59]. At increased strains, the characteristic features are 
dislocations forming extended boundaries with relatively large misorientations across them. As 
misorientation increases with dislocation density, there are two types of dislocation walls that 
are usually associated with higher and lower misorientations. Kuhlmann-Wilsdorf and Hansen 
[60] termed these dense dislocation walls as geometrically necessary boundaries (GNBs) and 
incidental dislocation boundaries (IDBs). The formation of GNBs is resulted from slip system 
differences on each side of the boundary, whereas the formation of IDBs is random because it 
results from statistical mutual trapping of glide dislocations. An illustration of GNBs and IDBs 
are given in Figure 2-3. As can be seen, dislocation boundaries developed in pure Ni that had 
deformed to a rolling reduction of 20%. The schematic solid lines represent GNBs and the 




Figure 2-3: Transmission electron micrograph showing the arrangement of dislocation 
boundaries developing in pure nickel deformed to a rolling reduction of 20%. The attached 
schematic shows the arrangement of GNBs with solid lines and IDBs with speckled lines. The 
rolling direction is marked as RD as well as the trace of the (111) slip planes [1] 
 
Misorientations across the dislocation boundaries increase with the increased strain level, 
and the rate of increase distinguishes IDBs and GNBs [57,58,61]. Figure 2-4 shows that 
significant misorientations are formed for both IDBs and GNBs at relatively low strain levels. 
In addition, misorientation angles of GNBs can exceed 15° (θ > 15°) at high strain levels, which 
is equivalent to ordinary grain boundaries, Figure 2-4. Dislocation density within dislocation 
boundaries is of the order of θ/b. Note θ/b represents the minimum dislocation density within 
a chosen Burger circuit because some dislocations may cancel others with opposite sign (e.g., 
+b and -b), which does not contribute to misorientation θ. Therefore, at a microscopic 
continuum scale, GNDs are dense dislocation walls composed of GNDs, whereas IDBs are 





Figure 2-4: Relationship between the average misorientation and the applied von Mises strain 
for high purity cold rolled Al and Ni [1] 
 
The magnitude of misorientation angles and boundary spacings vary substantially with the 
metal type, for example being smaller in copper than in aluminium, because of the differences 
in the active slip systems and stacking fault energies [62–64]. The evolution of misorientation 
angles increase with increased strains, whereas the boundary spacing decrease. The average 
misorientation angles for GNBs is found to increase exponentially with the strain [57]. The 
crystallographic GNB plane varies systematically with the grain orientation and the crystal 
structure of the metal. The grain orientation dependence of the crystallographic GNB alignment 
is believed to originate from an underlying dependence of the active slip systems, implying 
that the GNB alignment is a new indirect way to investigate slip systems. GNB boundaries 
often consist of planar segments, which are parallel but slightly shifted with respect to each 
other as demonstrated in the TEM image below, Figure 2-5. The individual segments are planar 
as supported by the straightness of their traces, however, the steps in between may give the 





Figure 2-5: GNB plane determination for grain with GNBs aligned with the ( )1 11  slip plane. 
(a) an edge-on image of two GNBs taken in the beam direction of 121   . Small steps are 
indicated by arrows. (b) A sketch showing an approximately parallel relationship between the 




Ductile fracture is reviewed in this chapter together with the stress triaxiality. The triaxial 
stress state in brazed joints induced by the mechanical constraint of the base metal is analogy 
to that in a necking region. Therefore, the Bridgman necking criteria will be adopted in the 
current study to derive the longitudinal flow stress. In addition, dislocation/dislocation 
structures of ductile metals are discussed as these are essential in characterising plastic flow of 








Chapter 3 provides a short description of the material used in the present study combined 
with the key experimental methods including microstructure evaluation techniques and 
mechanical testing facilities. Type 304 austenitic stainless steel was selected as base metals for 
manufacturing the brazed joints. This was the material typically used in manufacturing of 
engine components. 
In Section 3.2, the preparation and manufacturing of the brazed joints are detailed. The 
manufacturing method of the brazed joints was the same for all the specimens fabricated in this 
PhD work. In Chapter 3.3, the microstructure characterising tools are described. These 
techniques were used to investigate brazed joint microstructure in the as-brazed condition 
presented in Chapter 5 and the partially strained condition presented in Chapter 6. In Section 
3.4, mechanical testing facilities and corresponding methods used in this research are given. 
 




The type 304 stainless steel was supplied by Rapid Metals, UK, in the form of long bars 
of square cross-sections. Pure copper (99.99% purity) was used in the current work as the filler 
metal for brazing. Copper foil of 125 µm thick (supplied by Alfa Aesar, Thermo, UK) was used 
to ensure the uniform thickness of the brazed joint because it serves as filler metals as well as 
spacers. The chemical composition of the stainless steel is shown in Table 3-1. 
 
Table 3-1: Chemical composition of the Type 304 stainless steel 
Base metal Chemical composition (wt.%) 
Type 304 
stainless steel 
Ni Cr Mn Si C P S Fe 





3.2.2 Joint assembly design 
 
The supplied stainless steel bars were firstly cut into rectangular blocks by using electric 
discharge machining (EDM) technique. This was followed by degreasing and cleaning (with 
acetone) in an ultrasonic bath for 10 mins. Figure 3-1(a) shows the sample fabrication process 
where the copper foil was inserted in between two blocks of stainless steel base metals, at 90° 
orientation with respect to the loading direction. The assembly was then tack welded to hold 




Figure 3-1: Brazed joint configurations with respect to the longitudinal loading direction: (a) 
joint at 90°; (b) flat tensile test specimen and dimensions (thickness = 3 mm); (c) sampling 
location for microstructure characterisation; (d) cylindrical specimen for high cycle fatigue 
tests 
 
3.2.3 Brazing process 
 
Brazing was performed in a conveyor belt furnace in a hydrogen atmosphere. Figure 3-2 
presents the thermal history of the brazing process. Three primary stages were included: 
heating, brazing and cooling. The initial temperature increase in Figure 3-2 was caused by the 
flame curtain that occurred when the tack welded sample assembly moved close to the entrance 
of the heating zone. The flame curtain was used to ensure a reduced atmosphere. During heating, 
the temperature rapidly increased from ~200 to 1080 °C within 6 mins. The sample assembly 
was then kept at the brazing temperature of ~1120 °C for 10 mins. The sample assembly was 
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then cooled to room temperature within 30 mins after the brazing stage, Figure 3-2. This 
brazing process applied to all the joint fabrication throughout this PhD work. 
 
 
Figure 3-2: Thermal history adopted in the current study for the manufacturing of brazed joints 
 
After brazing, the central portion of the as-brazed joint assembly was extracted by 
electrical-discharge-machining (EDM) to acquire dog-bone profiles, as indicated by dashed 
lines in Figure 3-1(a). The extracted dog-bone assembly was sliced into flat tensile test 
specimens with 3 mm in thickness. For the gauge section of the specimen, the width is 6 mm 
and the length is 10 mm; the griping area has 10 mm width and 30 mm in length. After specimen 
extraction, the remaining joint assembly was used for microstructural characterisation and the 
sampling location is indicated by dashed rectangular box in Figure 3-1(c). The extracted 
rectangular block was sliced into multiple pieces, Figure 3-1(c), and at least five different 
regions were examined to obtain statistically significant information about the joint 
microstructure. To avoid crack initiation from the corners of the specimens, cylindrical 
specimens were also fabricated for the high cycle fatigue testing in the current work. This was 
achieved by firstly extracting cylinders from the joint assembly, as shown in Figure 3-1(a), 
followed by subsequent machining to obtain the desired design. The dimensions of the 





3.3 Microstructure characterisation techniques 
 
3.3.1 Metallographic preparation and scanning electron microscopy (SEM) 
 
Joint microstructure characterisation was performed on the basis of the 90° joint 
configuration, Figure 3-1(c). A standard metallographic sample preparation was used, this 
included sequentially grinding to P1200, polishing to a finish of 1 µm, and finally OPS 
polishing using a vibro-polisher for 12 hours with 0.02 µm colloidal silica. 
The scanning electron microscope (SEM) is one of the most versatile instruments for 
investigating microstructure of materials. Under electron bombardment, a variety of different 
signals are generated from the material including secondary electrons, backscattered electrons, 
characteristic X-rays. SEM expands the resolution range to a few nanometres, thus bridging 
the gap between optical microscopy and transmission electron microscopy (TEM). In addition, 
a large depth of field can be achieved for these instruments because the electron beam is 
focused from the aperture onto the specimen surface over a distance of typically ~15 mm. A 
relatively high resolution offers possibilities for revealing detailed microstructures of polished 
and etched cross-sections of the specimens. A combination of high resolution and large depth 
of view makes SEM well suited to examine fractography. Energy dispersive X-ray 
microanalysis using equipment routinely attached to the SEM provides qualitative and 
quantitative analysis of the chemical composition with a typical lateral resolution of a 
micrometre and a typical depth resolution of a few tenths of a micrometre [67].  
In the present work, the microstructure of the brazed joints was revealed using a Zeiss 
Gemini SEM at 15 kV under the backscattered electron (BSE) and second electron (SE) 
imaging mode. Cross-sectional view of brazed joints was revealed using BSE-imaging mode, 
whereas fractography was conducted using SE-imaging mode. In addition, High-magnification 
SEM images were collected and processed using ImageJ programme to obtain the size, 
distribution and volume fracture of potential secondary phase particles based on 500 
measurements. Furthermore, fractography was performed on the failed specimens to verify the 
fracture mechanism for both tensile and fatigue testing. This allowed to distinguish the fatigue 
crack initiation, propagation and final fracture zone. Additionally, a quantitative measure of 
the joint defect area within the fatigue crack initiation region was obtained by analysing the 
collected SEM images. For defect-bearing specimens, fatigue striation spacings in the early-
stage of fatigue crack propagation were measured to provide an indicative evaluation of the 
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initial fatigue crack growth rate. For each specimen condition, twenty measurements were 
performed to determine the average value of the fatigue striation spacings. Furthermore, 
longitudinal cross-sections of the fractured specimens were examined using SEM to assist in 
understanding the fatigue failure mode of the brazed joint.  
For the quantitative metallography in the current study, all the measurement was 
performed based on image analysis in ImageJ. For example, SEM images of secondary 
particles were firstly collected and imported into ImageJ. This was followed by certain 
adjustment including brightness and contrast, etc., so that regions of interest can be easily 
identified. Finally, statistics of the regions of interest, i.e., average sizes and area fraction, can 
be extracted by using the built-in function within ImageJ. This process was repeated when 
multiple SEM images were generated to acquire statically sound values. However, it is 
suggested to always compare data from image-processing package with those obtained 
manually (i.e., linear intersect method) to verify the results. 
 
3.3.2 Electron backscatter diffraction (EBSD) 
 
Electron backscatter diffraction (EBSD) is a SEM based technique that enables individual 
grain orientations, local texture, phase identification and distributions to be determined 
routinely on the surface of bulk samples. The first observation of a diffraction pattern in 
backscatter mode was reported in 1928 by Nishikawa and Kikuchi [68]. The characteristic 
feature of a backscatter Kikuchi pattern is the regular arrangement of parallel bright bands 
rather than a regular array of diffraction spots as is generated from a single crystallite. The 
intersections of Kikuchi bands form prominent and distinct zone axes. Fully automated 
methods have been developed for acquisition and indexing of Kikuchi pattern within the SEM 
[69] and the TEM [70,71]. EBSD patterns are generated on a phosphor screen by backscatter 
diffraction of a stationary beam of high-energy electrons from a volume of crystal material 
approximately 20 nm deep in the specimens. The electron beam is directed across the specimen 
based on a pre-defined grid, pausing at each point only long enough to acquire the backscatter 
diffraction. 
The diffraction patterns are sorted according to their intensities and width, and indexing of 
the diffraction pattern is performed by comparing the measured interplanar angle (which 
correspond to the angles between the Kikuchi bands) and interplanar spacings (which are 
represented by the band widths) with theoretical values from the data base. Plastic deformation 
in polycrystals usually results in local lattice curvature, for which EBSD is well designed to 
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measure. Typical values for misorientation resolution using standard EBSD platforms are on 
the order of 0.5° [72]. Using direct pattern analysis methods, angular resolutions down to 0.01 
– 0.02° can be achieved [73]. Compared to this sensitivity, plastic deformation in metals can 
easily cause several degrees of lattice rotation, and EBSD is therefore a useful technique for 
the measurement of micrometre scale lattice rotation. 
EBSD pattern can be analysed either directly or through some transforms, usually Hough 
transform in automated analysis. One of the more important correlation between the plasticity 
mechanics and EBSD is the use of continuum descriptions of dislocations in describing crystal 
plasticity. This work was started by Nye in the 1950s and further established by Ashby and 
others in the 1970s [46,52]. A good review paper of these is found in the work of Arsenlis and 
Parks [74]. The direct correlation between GND determination and EBSD was pioneered in the 
last several years in the work of Adams [38,69,75] and has been adopted by several authors 
[40,48]. 
The characterisation of the microstructure of materials provides important information for 
the understanding of their properties. In this context, EBSD is a useful tool for sub-micron-
scale crystallographic analysis materials in the SEM [76]. EBSD delivers spatially resolved 
crystallographic information via measurement of backscattered Kikuchi diffraction patterns 
that are formed by incoherent point sources of backscattered electrons within a single 
crystalline volume [77,78]. Compared to other diffraction techniques, Kikuchi patterns have 
the distinct advantage that they provide a rather extended, wide-angle view on potential point 
group symmetries of the phase that is probed locally by the incident electron beam.  
In the current study, texture and grain size measurements of the brazed joints were 
conducted using EBSD on a JEOL JSM-7200F SEM at 15kV with 1 µm step size. In addition, 
the interrupted tensile specimens were subjected to longitudinal cross-section and 
metallographic preparation, followed by SEM observation and EBSD scans to reveal the plastic 
flow characteristics. A field-of-view of 250 × 150 µm2 at a step size of 0.25 µm was used for 
EBSD scan to ensure an appropriate spatial resolution. Measuring the crystallographic 
orientations with small neighbouring material volumes typically enables the calculation of 
lattice curvature, from which the GND density can be derived using the Nye dislocation density 
tensor [46]. In the current study, GND densities were calculated from the lattice curvature κ 

















where Δxj is the step size (0.25 μm in this work) of the orientation map in the direction xj. By 
neglecting the elastic strains, the Nye dislocation tensor α was then obtained by [79]: 
 
 T( ).Itr   −  (3-2) 
 
its entrywise norm 
 
 ij ij  =   (3-3) 
 
is displayed in Figure 6-8 to represent the GND density values. The calculation was performed 
by using ATEX software package [80] and the results were expressed in m-2 by dividing by the 
magnitude of the burgers vector b. EBSD-based estimation of GND density can also be 
performed by calculating the scalar value suggested in [81]. This method was not applied in 
the current study. 
 
3.3.3 Focused ion beam (FIB) 
 
Focused ion beam (FIB) workstations have been produced commercially for 
approximately 20 years. Up to about a decade ago, these instruments were rarely found outside 
the microelectronics industry. However, more recently these workstations have been 
commonly used in a broader range of materials science field. This is because FIB instruments 
have achieved a spatial resolution rivalling that of the conventional SEM. Furthermore, the 
improved resolution, novel FIB channelling contrast effect and the capability of FIB to produce 
high precision milling cross-sections provide a powerful contribution [82–84]. FIB instruments 
are similar to conventional SEM in the construction of the column and operating principles. A 
beam of gallium ions replaces the electron beam, bringing with it several advantages over SEM 
techniques. The high mass of the ions in the beam causes sputtering of the specimen surface, 
which result in the removal of atoms, ions and electrons. In the case of the preparation of milled 
cross-sections, rough milling at a high beam current and subsequent polishing with a low beam 
current is used to produce micrometre scale cross-sections at specific regions of microstructural 





Figure 3-3: (a) FIB TEM lamella position relative to the brazed joint; (b) TEM lamella after 
final polish 
 
In the current work, FIB technique was used to prepare thin specimens for TEM 
examination of secondary phases. This is because FIB introduces less damage to the sub-
surface of the material than that introduced by the conventional preparation method. In-situ 
lift-out TEM sample preparation was conducted by using a focused ion beam (FIB) workstation 
(Zeiss Gemini 2 FIB/SEM crossbeam 540) equipped with a micromanipulator. Ga+ ions 
accelerated at 30 kV were used for milling and polishing with FIB currents in descending order 
from 65 nA, 15 nA, 7 nA to 3 nA, Figure 3-3(a). This was followed by FIB lift-out and 
attachment to a copper grid by using 200 pA current to minimise the damage. The TEM sample 
was then cleaned at 700 pA, 300 pA and 100 pA at 30 kV, followed by final polish at 200 pA, 
2kV, Figure 3-3(b). More details about FIB milling and polishing can be found elsewhere [85].  
 
3.3.4 Transmission electron microscopy (TEM) 
 
Transmission electron microscopy is used to reveal sub-micrometre, internal fine structure 
in solids. To reveal the crystal structure of second phase particles within the brazed joint, a 
JEOL JEM-3000F transmission electron microscope (TEM), operated at 200 kV was used for 
selected area electron diffraction (SAED). In addition, an atomic-resolution JEOL ARM-200F 
Cs corrected S/TEM, equipped with a highly efficient (Centurion) energy dispersive X-ray 
(EDX) system, was used for elemental analysis and atomic-scale characterisation in STEM 
mode (operated at 200 kV). The probe size was set to 0.1 nm with a convergence semi-angle 
of 22.5 mrad. The collection angle of the high angle annular dark field (HAADF) detector was 
in the range of 80 to 150 mrad. SAED patterns were processed using Digital Micrograph 3.5 
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and Gatan Microscopy Suite 2.1 to acquire lattice constants for both the copper matrix and 
second phase particles. In addition, orientation relationship between the second phase particles 
and the copper matrix was determined from the collected STEM-HAADF images by applying 
fast Fourier transform (FFT). 
 
3.4 Mechanical testing 
 
3.4.1 Berkovich nanoindentation 
 
Nanoindentation refers to depth-sensing indentation (DSI) techniques used to obtain 
mechanical properties from very small volumes of material. In a traditional indentation test, an 
indenter is pressed into a sample with a known load and is removed. The hardness is then 
defined as the load divided by the area of the residual indentation and gives a measure of the 
resistance of the material to plastic deformation. In DSI, the load on and displacement of the 
indenter are continuously recorded as it is pressed into and removed from the sample. These 
data are subsequently analysed to determine mechanical properties. Material properties can 
therefore be obtained from indentations with depths as small as a few nanometres. 
Nanoindentation is commonly used to determine the mechanical properties of thin films 
and coatings, particles and fibres, embedded phases, patterned structures, and other small 
volumes [86]. In this context, nanoindentation is an ideal tool for mechanical property 
evaluation for brazed joints as compared to traditional micro-hardness measurement. In this 
work, Berkovich nanoindentation was used to determine the strength of the brazed joint 
including regions in the vicinity of the base-filler metal interface. Positioning of the indentation 
was controlled with an optical microscope and an array of 10 × 5 indents were tested. 
Nanoindentation was conducted using force control with a nominal load of 3.5 mN and this 
resulted in the indent size being in the range of 2 µm to 5 µm [87]. The spacing between each 
individual indent was set as 15 µm (5 times the indent size) to avoid interference from the 
plastic zone of neighbouring indents. The hardness was derived as a function of the depth of 






3.4.2 Testing parameters for static and fatigue tests 
 
Uniaxial tensile tests were performed on an Instron 8802 servo-hydraulic testing system 
with a 50 kN load cell. Tests were conducted at room temperature with a constant strain rate 
of 3.3 × 10-4 s-1. The axial strain was measured by an extensometer with a gauge length of 10 
mm and travel distance of ± 1 mm. In this work, two types of specimens were adopted for 
uniaxial tensile testing, flat specimen for static load test and cylindrical specimen for fatigue 
test, as shown in Figure 3-1(b) and 3-1(d). The selection of cylindrical specimens was primarily 
to avoid crack initiation from the corners of the flat specimen during high cycle fatigue testing. 
The flat specimens were adopted to investigate the mechanical constraint as well as the plastic 
flow characteristics of the 304 stainless steel brazed joints. The preparation of cylindrical 
specimens are further details in Section 4. Five specimens were tested per sample condition to 









In this chapter, influence of the interface roughness (surface roughness of the stainless 
steel) on the mechanical properties of Type 304 stainless steel brazed joints is presented. Firstly, 
the procedure of creating different interface roughness conditions is detailed in Section 4.2. 
The characterisation of the pre-defined interface roughness of the stainless steel is then reported 
in Section 4.3, which is followed by results of fracture and fatigue life of the brazed joints as a 
function of the interface roughness levels. Furthermore, the fracture surfaces of failed 
specimens were examined, and details are reported. Brazed joints are susceptible to the 
formation of planar defects, which act as stress raisers and can reduce the mechanical strength 
remarkably [89]. Coarser roughness at the joint interface may introduce a larger number of 
defects (i.e. number of voids) because of the reduced wetting behaviour [18], this can be seen 
from the work conducted by Suezawa [17]. Thus, the influence of interface roughness is 
discussed in Section 4.4, alongside with the correlation between defect size and fatigue life of 
the brazed joints. 
 
4.2 Interface roughness conditions and design of experiments 
 
Prior to brazing, the bonding surfaces of the stainless steel samples were prepared using 
P-grade SiC papers to obtain different interface roughness conditions: P80, P180, P240, P400, 
P800, P1200 and OPS. For the OPS surface preparation, the stainless steel was firstly ground 
down to P1200, followed by mechanical polishing using 9 µm, 3 µm and 1 µm diamond 
suspensions and finally polished by OPS for approx. 5 mins. This helped to provide an ultra-
fine surface finish (i.e. deformation-free surface), as stated elsewhere [90]. Sample batch ID 1 
to 7 denotes each interface roughness condition, as presented in Table 4-1. For example, batch 
3 indicates brazed joints for which the joint interface was prepared with P240. The interface 
roughness, Ra, is defined as the average roughness of both the microscopic peaks and valleys 
for a specific joint interface condition. White light interferometry was used for measurement 





Table: 4-1 Summary of specimen batch ID, the corresponding interface roughness and 
parameters for fatigue testing 
Batch ID 1 2 3 4 5 6 7 8 
Interface roughness P80 P180 P240 P400 P800 P1200 OPS steel 
Fatigue test parameters 
σa = 135 MPa (σmax = 300 MPa and σmin = 30 MPa)  
σa = 180 MPa (σmax = 400 MPa and σmin = 40 MPa) 
Rratio = 0.1, 20 Hz 
 
HCF tests were conducted using a constant stress amplitude sinusoidal waveform. The 
cyclic stress ratio was set to Rratio = 0.1 and the frequency was 20 Hz. HCF lives of the brazed 
joints were assessed by using two stress amplitudes, σa = 135 MPa and σa = 180 MPa, Table 4-
1. The maximum fatigue stress level was selected as 60% and 80% of the average fracture 
strength of tensile test specimens. This led to the fatigue life being in the range of 104 to 106 
cycles. Five brazed joints were fatigue tested per interface roughness condition, this ranged 
from P80 to OPS at both stress amplitudes, batch 1 to 7, Table 4-1. In addition, three Type 304 
stainless steel specimens (batch 8) were tested at σa = 180 MPa to enable a direct comparison 
of the fatigue properties between the brazed joint and the base metal. The Type 304 specimens 
were subjected to the same heating and cooling cycle in Figure 3-2 as applied to the brazed 
joint specimen. To mitigate the effect of machining [91], surface within the gauge section of 
each fatigue test specimen was ground by SiC paper up to P2500 prior to HCF fatigue tests, 
giving a Ra value of 0.05 µm, as indicated in Figure 3-1(d). 
 
4.3 Experiment results 
 
4.3.1 Interface roughness and fracture strength 
 
The interface roughness Ra values of specimens that had been processed with different 
surface preparation conditions are shown in Figure 4-1(a). As can be seen, the roughness values 
Ra decreased rapidly from P80 (Ra = 0.963 µm) to P400 (Ra = 0.189 µm), whereas little 
difference between P400, P800 and P1200 were found. The surface polished down to OPS 
level had the minimum Ra of ~0.005 µm, Figure 4-1(a). In addition, it is evident that a coarser 
surface preparation led to a relatively large standard deviation (STDEV), whereas a finer 
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surface preparation led to a much smaller STDEV, Figure 4-1(a). The insets in Figure 4-1(a) 
illustrate SEM images of the roughness conditions of the coarsest (P80) and finest (OPS) 
specimens. Grinding marks were readily visible on the surface prepared by P80, whereas the 
surface prepared down to OPS showed no traceable marks and grain structures can be readily 
seen. 
The tensile testing results of brazed joints from batch 1 (P80) to 7 (OPS) are given in 
Figure 4-1(b). The fracture strength of brazed joints with their interfaces been prepared from 
P80 to OPS are 508.5 ± 26.2, 507.0 ± 7.1 (P180), 508.5 ± 14.8 (P240), 518.5 ± 40.3 (P400), 
520.0 ± 14.1 (P800), 515.0 ± 4.2 (P1200) and 503.5 ± 12.0 MPa, respectively. No significant 
difference in fracture strengths can be seen for the brazed joint prepared with different interface 
roughness conditions, which indicates that joint interface roughness did not affect the fracture 
strength of the brazed joints. It was also found that all the brazed specimens failed entirely 
within the joint region. 
 
 
Figure 4-1: (a) Interface roughness condition of the stainless steel base metal prepared by using 





4.3.2 High cycle fatigue life 
 
Five specimens per sample condition were tested to assess the average HCF life of brazed 
joints prepared with different interface roughness conditions. The brazed joints can be 
categorised into defect-free and defect-bearing groups according to the post-test SEM 
fractography. The HCF fatigue test results at the higher stress amplitude (σa = 180 MPa) are 
shown in Figure 4-2(a) to reveal the influence of interface roughness as well as the presence of 
defects. For defect-free joints, it is evident that the joint interface roughness had negligible 
influence on the fatigue life. The average fatigue life of the defect-free brazed joints was about 
8 × 104 cycles, Figure 4-2(a). In contrast, the defect-bearing specimens had lower fatigue life 
when compared to the defect-free ones, ranging from 1 × 104 to 5 × 104 cycles. In addition, the 
defect-bearing brazed joints tended to have a large scatter in the measured fatigue life; this 
particularly applied to interface roughness condition of P240 and OPS. 
 
 
Figure 4-2: (a) HCF life of defect-free and defect-bearing brazed joints with interface 
roughness conditions ranging from P80 to OPS; (b) the occurrence of defects as a function of 
different interface roughness conditions 
 
Figure 4-2(b) shows the occurrence of defects in specimens with various interface 
roughness conditions. The occurrence was calculated according to the proportion of the defect-
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bearing specimens within the five specimens per interface roughness condition. As shown in 
Figure 4-2(b), the occurrence of defects was 20% for P80, P180, P400, P800, and P1200 
prepared joints. The brazed joints that had been prepared by P240 exhibited higher defect 
occurrence of 40%. For brazed joints prepared by OPS, the occurrence of defects was 
significantly higher than the other interface conditions. This observation could be attributed to 
limited wetting, which was reported in wetting behaviours of AgCu/Cu systems [92]. In 
summary, interface roughness of OPS led to an increased likelihood to generate joint defects 




Figure 4-3: HCF life of specimens (batch 1-7) tested at two stress amplitudes, together with 
the base metal (batch 8) and the corresponding S-N data band from [3] 
 
Figure 4-3 presents the HCF fatigue life of sample batch 1 to 7 at two stress amplitudes 
(σa = 135 MPa & σa = 180 MPa), for both the defect-free and defect-bearing specimens. As 
shown in Figure 4-3, the maximum fatigue life of brazed joints subjected to σa = 135 MPa 
approached 106 cycles, whereas the fatigue tests conducted at σa = 180 MPa failed within 10
5 
cycles. In addition, defect-bearing specimens always had a lower fatigue life when compared 
to the defect-free counterparts. This applied to both the higher stress amplitude of a = 180 
MPa and the lower stress amplitude of a = 135 MPa fatigue tests, Figure 4-3. Furthermore, 
the defect-free specimens exhibited less data scatter in the HCF fatigue life when compared to 
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the defect-bearing ones. The grey band in Figure 4-3 is the S-N data bounds of Type 304 
stainless steels providing a comparison to the brazed joint specimens. Three base metal fatigue 
specimens made from the same Type 304 stainless steels were tested at the stress amplitude of 
a = 180 MPa; all the three base metal specimens did not fail after 3 × 106 fatigue cycles, thus 
fatigue run-out was indicated in Figure 4-3. This suggests that brazed joints tended to have a 




After the completion of fatigue tests, it was visually observed that all the brazed specimens 
failed within the joint region. Since the presence of joint defects was found to dominate the 
fatigue life of the brazed joints, SEM fractography examination was performed to further 
understand the joint failure mechanism. Figure 4-4 shows two typical types of fracture surfaces 
that were observed for all the brazed joint specimens; fatigue cracks initiated either from the 
specimen surface, see Figure 4-4(a), or from the joint defect, see Figure 4-4(b). SEM images 
of both fatigue crack initiation regions at higher magnifications are given in Figure 4-4(c) and 
Figure 4-4(d), respectively. For the defect-free brazed joint specimens, fatigue cracks were 
exclusively found to initiate from the specimen surface. 
Also shown in Figure 4-4(a) and Figure 4-4(b) are the fatigue crack propagation and final 
fracture zones. There was no difference between the defect-free and defect-bearing specimens 
in terms of the fatigue crack propagation and final fracture zones, whereas the defect-bearing 
specimens had a relatively large fatigue crack initiation region when compared to that of the 
defect-free ones. A large number of dimples were present at the final fracture zones for both 
the defect-free in Figure 4-4(a) and defect-bearing specimens in Figure 4-4(b). The presence 
of dimples suggests that these fatigue specimens finally failed by a typical ductile mode that 
involved void nucleation, growth, and coalescence, because the remaining areas could no 





Figure 4-4: Fracture surfaces of (a) defect-free and (b) defect-bearing joints; (c) enlarged view 
of (a) fatigue crack initiated from the sample surface; (d) enlarged view of (b) fatigue crack 
initiated from the joint defect. Both samples are from batch 7 (OPS) 
 
Figure 4-5 shows the defect region within the fatigue crack initiation zone of the same 
sample (batch 7) at a higher magnification, together with the EDX area mapping. The relatively 
smooth regions in Figure 4-5(a) were considered as the joint defect, likely to be an incomplete 
fusion type [93]. Intermetallic phases with different sizes can also be seen within these defect 
regions, Figure 4-5(a). Figure 4-5(b) to Figure 4-5(d) show the corresponding EDX elemental 
mapping of the selected rectangular box in Figure 4-5(a). It is apparent that the distribution of 
Cr and Fe, Figure 4-5(b) and Figure 4-5(c), were location dependent and associated with the 
intermetallic phases. Cu was found to be rich in the whole region but relatively lean in the 
intermetallic phases, Figure 4-5(d). The average element distribution of the selected EDX 
region in Figure 4-5(a) is given in Table 4-2; the region of intermetallic phases contained ~94.9% 
Cu, 2.7% Fe, 0.9% Cr, 1.0% Ni and 0.5% Mn (all in wt.%). Based on the information above, 
it is evident that elemental diffusion happened during the brazing process, where significant 
amount of Fe and Cr were found in the joint region. The observed elemental migration would 
essentially affect the joint mechanical strength. Hence, critical processing parameters including 
the brazing time and temperature would have a pronounced influence on the joint 
microstructure, which would eventually alter the joint mechanical strength. The effect of 




Figure 4-5: (a) Defect region and intermetallic phases within the fatigue crack initiation zone 
(batch 7); EDX elemental mapping of (b) chromium Cr; (c) iron Fe and (d) copper Cu of the 
selected rectangular region in (a) 
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Figure 4-6: Fatigue striation spacings at the early-stage fatigue crack propagation regions of 
defect-bearing samples with an initial defect area of (a) A = 0.03 mm2, batch 7A; (b) A = 0.05 
mm2, batch 6A; (c) A = 0.17 mm2, batch 3A; (d) A = 0.60 mm2, batch 7B; and (e) A = 1.47 
mm2, batch 6B. Batch ID A & B represents two individual specimens that have the same 
interface roughness conditions 
 
Figure 4-6 shows the typical fatigue striations for the defect-bearing specimens with 
various defect areas. Five specimens with distinctive initial fatigue striation spacings were 
selected and illustrated in an ascending order in Figure 4-6. Figure 4-6(a) shows the minimum 
fatigue striation spacing, whereas the maximum fatigue striation spacing is shown in Figure 4-
6(e); intermediate fatigue striation spacings are presented in Figure 4-6(b) to Figure 4-6(d). 
The fatigue striations within the early-stage of fatigue crack propagation, i.e. close to the 
fatigue crack initiation region, were measured to provide an indication of the initial fatigue 
crack growth rate. The specimens with the smallest defect area of A = 0.03 mm2 (batch 7A) 
had a corresponding initial fatigue striation spacing of 0.09 ± 0.02 µm, Figure 4-6(a). Similarly, 
the initial fatigue striation spacing for the specimen with the largest defect area A = 1.47 mm2 
(batch 6B) was measured to be 0.54 ± 0.05 µm, Figure 4-6(e). The fatigue striation spacing 
values and the corresponding defect areas are summarised in Table 4-3. It is evident that the 
initial fatigue striation spacings were positively dependent on the magnitude of the defect areas. 
For the defect-bearing brazed joints, a larger joint defect led to a higher initial fatigue striation 




Table 4-3: Typical joint defect areas and corresponding initial fatigue striation spacings 
measured from fractography of fatigue test samples (σa = 180 MPa). Also shown in this table 
are the calculated stress intensity factor range as a function of defect area and applied stress 
ranges. Batch ID A & B represents two individual specimens that have the same interface 
roughness conditions. ΔK was derived by adopting Eq. (4-2). 
Batch ID 7A 6A 3A 7B 6B 
Defect area A 
(mm2) 
0.03 0.05 0.17 0.60 1.47 
Initial striation 
spacing (µm) 
0.09±0.02 0.12±0.02 0.19±0.02 0.26±0.01 0.54±0.05 
SIF range ΔK 
(MPa√m) 




4.4.1 Failure mode for defect-free and defect-containing specimens 
 
Suezawa [94] concluded that the strength of brazed joints can be altered by introducing 
various joint interface roughness conditions. This is because different interface roughness 
conditions would essentially provide distinct bonding areas, i.e. relatively rough joint interfaces 
should lead to stronger brazed joints. Figure 4-7 shows the longitudinal view of fractured 
specimens (batch 1, 2 and 7, Table 4-1) after HCF tests. Residual filler metals were exclusively 
found on the fracture surfaces of all the three fatigue specimens that had been prepared to P80, 
P180 and OPS interface roughness conditions, respectively. However, no visible separations 
or cracks could be revealed at the copper/stainless steel interface, Figure 4-7. This indicates 
that both the fatigue crack initiation and propagation occurred entirely within the filler metal 
region. The prepared joint interface roughness might have altered the strength of the 
copper/stainless steel interface, but surely did not affect the filler metal itself. Therefore, brazed 





Figure 4-7: Longitudinal sections of the fatigue fractured samples, (a) from batch 1 (P80), (b) 
from batch 2 (P180) and (c) from batch 7 (OPS) 
 
4.4.2 Influence of defect size on fatigue life 
 
According to Figure 4-4(b), fatigue cracks always initiated from the defect regions for the 
defect-bearing brazed joints. Defects within the brazed joints occupied a small fraction of the 
overall joint. For example, Figure 4-8 shows the fracture surface of a specimen from batch 2 
(P180 prepared). The area fraction of the final fracture zone was about 85% of the overall 
designated joint region, whereas the defect fraction was only about 0.2%. If we treat the defect 
as a pre-existing crack, the crack could grow gradually under the fatigue loading cycles leading 







Figure 4-8: Fracture surface of a specimen from batch 2 (P180) showing the defect, fatigue 
crack propagation and final fracture zones; the insets illustrate fatigue samples where cracks 
initiated from either a large or a small defect 
 
The insets within Figure 4-8 represent two fatigue specimens where cracks initiated from 
defects of different sizes. If we assume the area fractions of the final fracture zones are the 
same for both cases, then the number of cycles needed for the fatigue crack propagation should 
be different, i.e. the propagation distances for both cases should be different. The fatigue crack 
propagation distance for the specimen with a larger initial defect would be shorter than that for 
the specimen with a smaller defect. This fatigue crack propagation distance is indicated in 
Figure 4-8. Now the only unknown variable is the fatigue crack growth rate. The classic Paris 
law [95], Eq. (1) is therefore applied here to assist in understanding the initial fatigue crack 






=   (4-1) 
 
where the coefficient C and exponent m are the material constants, da/dN is the fatigue crack 
growth rate. It is clear that the initial fatigue crack growth rate for the defect-bearing joints is 
dependent on the stress intensity factor (SIF) range ΔK, which can be calculated according to 
the Murakami equation [96], 
 
 




where A is the projected defect area on a plane perpendicular to the maximum principal stress, 
and Δσ is the applied cyclic stress range. According to literature, C2 is 0.65 for surface defects 
[96]. The defects observed within this study were either surface or sub-surface defects, 
therefore C2 of 0.65 is considered here. Hence, at the initial stage of the fatigue crack 






 =      (4-3) 
 
where C, C2, m, Δσ and π are all constants, thus the initial fatigue crack growth rate can be 
simplified as a function of the initial defect area A. According to literature, in the linear elastic 
fracture mechanics (LEFM) regime, the exponent m is in the range of 3 to 5 for steels [97] and 
2 to 4 for pure copper [98]. However, the initial crack size (Figure 4-8) of about 0.2 mm should 
be considered as a short crack. Consequently, use of the Paris law is inappropriate. Nevertheless, 
it is convenient to plot short crack growth rate against K as the presentation of the long crack 
data. The measured exponent m in Eq. (4-3) is greater for short cracks than long cracks under 
the same K. From literature, m is higher for short crack but in the same magnitude as long 
cracks [99–101]. Therefore, it is reasonable using the Paris law for a qualitative interpretation. 
As a consequence, a higher initial fatigue crack growth rate would be expected for a specimen 
with a larger defect. Since the fatigue propagation distance is considerably short, a specimen 
with a larger defect would have a shorter fatigue life. 
The influences of brazed joint defects on the corresponding fatigue life are now considered 
semi-quantitatively. The actual relationship between the initial joint defect area and the 
corresponding fatigue life for all the HCF tested specimens at σa = 180 MPa is shown in Figure 
4-9. The triangular symbols represent the defect-bearing brazed joints, whereas the circular 
symbols represent defect-free ones. It can be seen that the defect-bearing joints had much 
shorter fatigue life when compared to the defect-free ones. Also, the fatigue life of the defect-
bearing joints dropped rapidly with the increase of defect areas. For example, the maximum 
defect area was measured to be ~1.47 mm2, whereas the corresponding fatigue life was below 
103 cycles, Figure 4-9. When the defect area decreased, the fatigue life increased and 
approached that of the defect-free ones. For instance, the defect-bearing specimens had fatigue 
life of ~4.8 × 104 cycles when the defects were sufficiently small, typically below 0.1 mm2 in 
terms of the projection area. This value was relatively close to the lower limit of fatigue life of 
the defect-free specimens of ~5.2 × 104 cycles. The secondary vertical axis (Figure 4-9) shows 
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the calculated defect area fraction over the overall joint. This might be of a practical interest. 
For the defect-bearing specimens, the relationship between defect areas and corresponding 
fatigue life was also plotted on logarithmic scale as illustrated in the left inset in Figure 4-9. 
Linear fitting was applied to reveal how the fatigue life decreased as the defect increased; the 
slope of the linear fitting was found to be around 1.52 ± 0.25. 
 
 
Figure 4-9: Relationship between the joint defect area and the corresponding fatigue life for 
all the fatigue tests performed at σa = 180 MPa; the insets show the relationship between joint 
defect area and fatigue life, and the initial fatigue crack growth rate as a function of ΔK on 
logarithmic scales 
 
Fatigue crack growth rate is defined as crack extension per load cycle, da/dN, as shown in 
Eq. 4-1. Fatigue striation spacings measured near the joint defect can therefore be considered 
as an indication of the initial fatigue crack growth rate, Figure 4-6. Hence, the initial fatigue 
striation spacing of a specimen with a larger defect should be much greater than that with a 
smaller defect, owing to the larger defect area and hence larger stress intensity factor range ΔK. 
This was also revealed by the measurement of fatigue striation spacings on fracture surfaces of 
the defect-bearing specimens, Table 4-3. The corresponding ΔK values were also calculated 
and listed in Table 4-3 in an ascending order. In total, five ΔK values were considered here and 
it was found that ΔK increased from 5.50 MPa√m (batch 7A) to 14.43 MPa√m (batch 6B) when 
the corresponding initial defect area increased from 0.03 mm2 to 1.47 mm2, leading to an 
increase in the initial fatigue striation spacing from 0.09 ± 0.02 µm to 0.54 ± 0.05 µm, Table 
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4-3. The initial fatigue crack growth rate (da/dN) of the brazed specimens with various initial 
defect areas were also plotted against the corresponding SIF range (ΔK) on logarithmic scale, 
as shown in the right inset in Figure 4-9. The slope of the linear fitting, providing the Paris law 
exponent m as shown in Eq. 4-3, was found to be 1.65 ± 0.25, which agrees well with the lower 
bound of literature value of 2 to 4 for pure copper [98]. This suggests that a large joint defect, 
which leads to a higher SIF range ΔK, will result in a higher fatigue crack growth rate, hence 




This chapter examined the influences of interface roughness and defects on the fracture 
and high cycle fatigue life of Type 304 stainless steel brazed joints. Based on the results 
obtained the following conclusions can be made: 
1. The brazed joint showed higher tensile strength and HCF life when compared to pure 
copper. 
2. No significant difference in fracture strengths can be seen for the brazed joint prepared 
with different interface roughness conditions from P80 to OPS. This indicates that joint 
interface roughness did not affect the consequent tensile strength of the brazed joints 
on the ground that all the brazed specimens failed entirely within the joint region. 
3. The joint interface roughness had negligible influence on the fatigue life of defect-free 
brazed joints. This was attributed to the fact that both the fatigue crack initiation and 
propagation happened entirely within the joint region. 
4. For the defect-bearing brazed joints, larger defect led to a higher fatigue crack growth 
rate at the initial stage. Qualitatively, the fatigue cycles to failure was found to decrease 
with the increase of defect area (size). 
 
Although the experimental result has suggested that the interface roughness had limited 
influence on the mechanical strength of the brazed joints, the fracture strength as well as the 
fatigue life, however, were significantly higher as compared to the filler metal, i.e. pure copper. 
Thus, the brazed joint showed enhanced mechanical strength. This finding leads to the 
following chapter to investigate the microstructural contribution towards the overall strength 
of the brazed joint.   
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In this chapter, microstructural characteristics of the Type 304 stainless steel brazed joints 
are reported. This includes texture and grain size distribution of the joint region (Section 5.2), 
together with precipitation morphology in Section 5.3. In addition, the strength heterogeneity 
of the joint region is reported in Section 5.4. Elemental analysis on the basis of SEM-EDX is 
also reported to reflect potential elemental segregation and chemical compositions of the joint 
region and secondary phases in Section 5.5. In Section 5.6, TEM imaging of the precipitates is 
reported, alongside with the crystal structure of the precipitates and the joint region obtained 
from TEM-SAED. At last, precipitation formation as well as the theoretical joint strength are 
discussed in Section 5.7. 
 
5.2 Microstructure of the brazed joint 
 
The overall microstructure of Type 304 stainless steel brazed joint is shown in Figure 5-
1(a), where the brighter region was the copper-based brazed joint and darker region was the 
stainless steel base metal. No cracks or porosities were observed at the base-filler metal 
interface, implying good wetting behaviour. The thickness of the brazed joint was ~110 µm, 
which agrees well with the thickness of 125 µm for the inserted copper foil. A representative 
EBSD orientation map for the brazed joint region is shown in Figure 5-1(b), revealing equiaxed 
grain structures. The grains within the joint region were randomly orientated with intensities 
less than 4 times the perfect isotropic case for the {100} pole figure, Figure 5-1(c), suggesting 
a weak texture. The grain size is shown in Figure 5-1(d) where the size-distribution histogram 
and the Weibull fit curve are presented. The average grain size (equivalent diameter) was 
determined as 57.2 ± 2.3 µm by examining over 500 grains. Calculation of the average grain 
size was performed by using Chanel 5 software package, the determined value was also verified 
by comparing with that determined via linear intersect method. Joint microstructures for those 
that had been prepared to various interface roughness values were found to be identical, hence 




Figure 5-1: (a) SEM image of the as-brazed joint microstructure; (b) corresponding EBSD 
orientation map, showing near equiaxed grains within the joint region; (c) pole figures 
indicating a relatively weak texture; (d) grain size-distribution (equivalent diameter) 
 
5.3 Precipitation distribution 
 
Figure 5-2 shows detailed joint microstructure at the as-brazed condition where individual 
grains, grain boundaries as well as the base-filler metal interface (indicated by white arrows) 
can be seen. The presence of star-shaped precipitates within the joint region were revealed at 
higher magnification and shown in the inset in Figure 5-2(a). It is also confirmed that these 
precipitates existed in each individual grain throughout the brazed joint. In addition, both the 
size and number density of the precipitates decreased in the vicinity of grain boundaries, Figure 
5-2(b), which is consistent with a precipitate-free zone theory [102]. The size of the precipitates 
was similar at all positions within grain interiors. Their average size and volume fraction were 
determined to be 117 ± 25 nm (radius) and 2.3%, respectively. Ghovanlou et al. [9] conducted 
brazing of low carbon steels using copper where iron-rich precipitates with a similar 
morphology were found. Under the thermodynamic equilibrium condition, copper can dissolve 
up to 3.5 wt.% iron at the brazing temperature of 1120°C, whereas the solubility of iron in 
41 
 
copper at room temperature is negligible, Figure 5-2(c). Therefore, these star-shaped features 
are likely to be iron-rich copper precipitates. 
 
 
Figure 5-2: (a) Brazed joint microstructure showing individual grains as well as grain 
boundaries; the inset illustrates the petal-shaped precipitates within individual grains; (b) 
precipitate-free zone (PFZ) in the vicinity of grain boundaries; (c) Cu-Fe equilibrium phase 
diagram 
 
5.4 Hardness of the joint region 
 
Nanoindentation was performed to evaluate the strength heterogeneity across the brazed 
joint. Figure 5-3(a) shows locations of the 10 indents in the base stainless steel (5 indents on 
each side), 10 within the brazed joint but close to the base-filler metal interface, and the rest 
being distributed within the joint. Each row of the indents covered the entire joint region with 
the first and last being in the base metal. The average indent size in the base stainless steel was 
2.0 µm, which was smaller than those within the brazed joint of 2.5 µm, Figure 5-3(a). This 
difference in indent size corresponds well with the determined hardness, i.e. the base stainless 
steel had a hardness value well above 2.5 GPa while those in the brazed joint were below 1.5 
GPa, Figure 5-3(b). Note any indent positioned close to the interface or a free surface (e.g. less 
than a distance of 3 times the indent diameter) is judged inappropriate according to the best 
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practice of performing quantitative and reproducible indentation measurement [4]. As a result, 




Figure 5-3: (a) The array of Berkovich indents across the brazed joints; (b) hardness derived 
from the nanoindentation measurements with the colour band representing hardness values for 
pure copper [4] 
 
The average hardness of the copper matrix in the central region of the brazed joint was 1.1 
GPa, Figure 5-3(b), and this was significantly higher than those being reported for pure copper 
of 0.5 to 0.7 GPa [4,103]. Taking indentation size effect into consideration, the obtained 
hardness of 1.1 GPa was still higher than that of single-crystal copper (0.7 GPa for a {110} 
crystallographic plane) obtained with a similar Berkovich indent size [87]. Hall-Petch effect 
can also affect the indentation hardness measurement, but it required an average grain size of 
1.2 µm for pure copper to achieve such a high hardness value of 1.1 GPa [4,87]. This is 
significantly smaller compared to the 57.2 ± 2.3 µm observed in Figure 5-1(d). However, Hal-
Petch effect was not likely to cause significant strengthening within the brazed joint as most of 
the indentations hardly covered any grain boundaries, Figure 5-3. Therefore, the increased 
hardness was more likely a consequence of elemental migration, i.e., precipitation hardening 
and solid-solution strengthening. Moreover, regions in the vicinity of the base-filler metal 
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interface showed a further hardness increase to 1.3 GPa (circled in Figure 5-3(b)). We will 
discuss this interesting aspect in detail together with the measured GND density in Chapter 6. 
 
5.5 Chemical composition 
 
Figure 5-4(b) to Figure 5-4(f) show the corresponding SEM-EDX elemental mapping of 
the selected region in Figure 5-4(a). It is apparent that Mn and Ni elements, Figure 5-4(e) and 
Figure 5-4(f), were evenly distributed through the joint region, whereas the amount of Cr and 
Fe, Figure 5-4(b) and Figure 5-4(c), were location dependent and with significant 
concentrations at the star-shaped regions. Thus, star-shaped particles were rich in Cr and Fe 
while relatively lean in Cu when compared to the Cu matrix, Figure 5-4(d). In addition, EDX 
point analyses were performed at two typical locations; points 1-4 for the Cu matrix and points 
5-8 for the star-shaped particles, Table 5-1. The Cu matrix in Figure 5-4(a) contained ~96.1 
wt.% Cu, 1.9 wt.% Fe, 0.3 wt.% Cr, 1.2 wt.% Ni and 0.5 wt.% Mn, while the star-shaped 
particles contained ~77.3% Cu,16.5% Fe, 3.8% Cr, 1.8% Ni and 0.6% Mn (all in wt.%). These 
chemical compositions revealed in Figure 5-4(a) were very close to those observed in the 
selected region in Figure 4-5(a), indicating that the star-shaped particles observed in Figure 5-
4(a) might be the imprints (cross-sectional view) of those patterns in Figure 4-5(a). 
 
Table 5-1: SEM-EDX data obtained by point analysis and area mapping at the boxed regions 
in Figure 5-4(a). Points 1-4 and 5-8 represent the copper matrix and star-shaped particles within 
Figure 5-4(a), respectively 
SEM-EDX point 
analysis and area 
mapping 
Composition (wt.%) 
Cu Fe Cr Ni Mn 
SEM-Point 1-4 
(copper matrix) 
96.10±0.44 1.93±0.47 0.33±0.15 1.17±0.06 0.50±0.10 
SEM-Point 5-8 
(particles) 
77.25±0.52 16.50±0.56 3.80±0.14 1.83±0.05 0.63±0.05 
SEM-EDX map 
in Figure 5-4(a) 





Figure 5-4: (a) Microstructure of Type 304 stainless steel brazed joints with star-shaped 
intermetallic compound presented; EDX elemental mapping of (b) Cr; (c) Fe; (d) Cu; (e) Mn 
(e) and (f) Ni of the selected rectangular region in (a) 
 
In addition, Figure 5-5(a) shows two copper-rich grains separated by a grain boundary 
within the brazed joint region. The grain on the left contained star-shaped (four petals) particles, 
while the one on the right contained three-petal-shaped particles. In addition, most particles 
within each individual grain possessed preferred orientations. This indicates that the shapes 
and orientations of the particles might be dependent on the grain orientation of the copper 
matrix, i.e., a possible fixed orientation relationship between the particles and copper grains, 
as illustrated by a schematic diagram in Figure 5-5(b). 
 
 
Figure 5-5: (a) Star-shaped particles formed at copper grains with different morphologies and 
orientations; (b) a schematic diagram showing different particle morphologies presented within 
two differently oriented grains 
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5.6 Crystal structure and orientation relationship 
 
A representative TEM bright-field (BF) image of precipitates in the brazed joint is shown 
in Figure 5-6(a). Based on the SAED patterns ([011̅] zone axis) for the precipitate in Figure 5-
6(b) and the copper matrix in Figure 5-6(c), it is evident that the star-shaped precipitates had 
the same crystal structure to the copper matrix, i.e. face-centred cubic (fcc). However, the 
lattice constants of the precipitates and the copper matrix were determined to be 0.361 nm and 
0.374 nm, respectively. This suggests a lattice constant misfit, δmatrix-precipitate, of ~5.0 % between 
the two. 
To further characterise these precipitates, STEM-HAADF imaging was used and the result 
is shown in Figure 5-7(a). The two insets reveal the atomic arrangements of the copper matrix 
and the precipitate, Figure 5-7(b) and Figure 5-7(c), respectively. Interplanar spacings of both 
the (111) and (200) planes were measured, and the results showed that the precipitate had 
smaller interplanar spacings when compared to the copper matrix. Figure 5-7(d) shows the 
interfacial region between the precipitate and the copper matrix. The habit planes can be 
observed in the corresponding FFT pattern in Figure 5-7(e), i.e. (111)matrix // (111)precipitate, 
(111̅)matrix // (111̅)precipitate and (200)matrix // (200)precipitate. The morphology of the star-shaped 
precipitate was claimed to be associated with the balance between the precipitate/matrix 
interfacial energy and coherent strain energy, with the primary branch growing preferentially 
along the <111> directions [104,105]. 
 
 
Figure 5-6: (a) Bright-field TEM image along the [011̅] zone axis; (b) selected area electron 





Figure 5-7: (a) HAADF imaging of a precipitate; (b) atomic arrangement of the copper matrix; 
(c) atomic arrangement of the precipitate; (d) high-resolution TEM image showing the 
interfacial region between the precipitate and the copper matrix; (e) FFT pattern of the 






Chen et al. [13] performed casting process of copper and copper alloys with additional iron 
element (<1.5 wt.%). As a consequence, iron-rich precipitates with an average size of 6 nm 
were created and the copper alloy was found to be strengthened via the precipitation hardening 
effect. Two distinct morphologies of these iron-rich precipitates were also identified and 
characterised in [11]: (i) near-spherical-shaped (body-centred-cubic, bcc crystal structure) 
nanoparticles with size ranges from 2 to 20 nm in diameter and (ii) star-shaped (fcc) 
nanoparticles with size ranges from 20 to 150 nm. Furthermore, it was reported in [12] that 
large star-shaped precipitates (bcc) between 250 and 500 nm would be produced if extra iron 
was added. 
In the current work, the average iron content measured within the joint microstructure was 
3.70 wt.% according to Figure 5-4(a) and Table 5-1. In addition, the average size (radius) of 
the observed star-shaped particles was ~117 nm, Figure 5-4(a). Two primary reasons could be 
responsible for the formation of large sized iron-rich nanoparticles in the present stainless steel 
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brazed joints. Firstly, the morphology and size of the nanoparticles is strongly affected by the 
iron content; this is consistent with the previous findings in [12] where star-shaped particles 
were found for Cu-2.0Fe-0.5Co and Cu-3.0Fe-0.5Co alloys with sizes of ~200 nm and ~300 
nm, respectively. It was also claimed by Chen et al. [12] that iron-rich nanoparticles would 
undergo a spherical-to-star shape transition when iron content was higher than 2.0 wt%. 
Secondly, the brazing cycle (Figure 3-2) utilised a relatively slow cooling rate of about 
130 °C/min, when compared to the cooling rate of 100 °C/s for the copper alloy casting process. 
The prolonged cooling cycle in brazing could potentially serve as an aging process that led to 
the coarsening of iron-rich nanoparticles [11].  
In brief, the precipitation evolution observed in the present brazed joint can be summarised 
as follow. At the brazing temperature of 1120 °C, approx. 3.70 wt.% iron migrated from the 
base metal into liquid copper through high-temperature diffusion, Figure 3-2. At the beginning 
of cooling, iron started to precipitate out from the liquid copper as spherical nanoparticles. 
During the continuous and slow cooling, the iron-rich precipitates grew into star-shaped 
precipitates with a fcc crystal structure. As shown in Figure 5-4(a), the copper filler metal was 
no longer chemically homogeneous after the brazing process. Foreign elements, such as iron, 
nickel, manganese and chromium all diffused from the base metal into the joint region as a 
result of high-temperature diffusion. Both the chromium and iron contents were found to be 
location dependent; being rich in those star-shaped particles shown in Figure 5-4(b) and Figure 
5-4(c). A similar observation of the particles has been reported in [106,107] where fine iron-
rich particles were found in copper with the same morphology. Steward et al. [108] also 
suggested that these particles were iron-rich precipitates mostly being FeCu2 and FeCu18, 
determined by wavelength-dispersive X-ray spectroscopy. According to the SEM-EDX point 
analysis performed on the star-shaped particles, Figure 5-4(a) and Table 5-1, the iron-rich 
particles had a similar chemical composition close to that of formula FeCu4 [109]. Similar 
nanoparticles with an average size of 350 nm were also reported as FeCu4 phase by Shu et al. 
[110] when performing gradient deposition of copper on stainless steels. 
It is worthwhile to note that only iron-rich nanoparticles have been reported to precipitate 
in copper matrix according to the work performed by Klein et al. [111]. Conversely, a 
measurable amount of chromium (3.8 wt.%) was also detected at the iron-rich nanoparticles 
but not at the copper matrix, Table 5-1. According to the Fe-Cu, Cr-Cu binary phase diagrams, 
copper can dissolve up to 3.5 wt.% iron and 2.0 wt.% chromium at the brazing temperature of 
1120 °C. The joint region contained on average ~3.7 wt.% iron and ~0.7 wt.% chromium 
according to the EDX area mapping, Table 5-1. The amount of iron (3.7 wt.%) that diffused 
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from the base metal into the joint region agrees well with that in the Fe-Cu phase diagram (3.5 
wt.%). However, the amount of chromium (0.7 wt.%) within the joint region was only less than 
half of the equilibrium value (2.0 wt.%). This could be attributed to the differences in 
concentrations of iron (~70 wt.%) and chromium (~19 wt.%) in the base metal, Table 3-1. In 
other words, there was less chromium within the base metal to diffuse into the copper filler 
metal. Nevertheless, both iron and chromium are almost immiscible in copper at room 
temperature and Chbihi et al. [112–114] has reported that chromium could precipitate out from 
copper matrix of Cu–1Cr–0.1Zr (wt.%) with a fcc crystal structure. Therefore, the observed 
star-shaped particles within Figure 5-4(a) are precipitates being rich in copper, iron and 
chromium. 
 
5.7.2 Theoretical joint strength 
 
To gain a better understanding of the influence of the observed precipitates (Figure 5-4) 
on the mechanical strength of the brazed joints. A theoretical evaluation of the joint strength is 
calculated here, and this will be compared to the experimentally determined value. 
Strengthening mechanisms in polycrystals can be summarised into four categories: solid-
solution strengthening, grain size reduction strengthening, dislocation strengthening, and 
precipitation hardening [115]. For precipitation hardening, the presence of fine precipitates in 
metal matrix hinders dislocation motion and results in strengthening. The strengthening effect 
mainly depends on size, distribution, volume fraction, and strain field associated with the 
precipitates [116]. Two primary strengthening mechanisms are introduced to describe the 
interaction between dislocations and precipitates in copper alloys, i.e. dispersion strengthening 
[117] and coherency strain hardening [118]. 
Dispersion strengthening assumes that the precipitates do not deform with the matrix. 
Additional shear stress is therefore necessary to expand a dislocation to by-pass the precipitates 
[119]. For the homogenously distributed precipitates within the joint region, Figure 5-2(a) and 
Figure 5-2(b), the strengthening by dislocation-looping can be theoretically calculated using 

















where G and b are shear modulus of 45 GPa and Burgers vector of 0.255 nm for copper. M = 
3.06 is the Taylor factor for fcc polycrystals [121]. ν = 0.33 is the Poisson’s ratio and λ is the 
interparticle spacing between the precipitates. To simplify the calculation, the precipitates were 
treated as spheres with average radius r of 117 nm. λ was derived by using λ = r(2π/3f)0.5 [120], 
where f is the volume fraction of the precipitates (2.3%). The values of r and f were determined 
from at least five SEM images similar to the one shown in Figure 5-2(a). Consequently, 
strengthening induced by the dispersed precipitates σOrowan was calculated as ~30 MPa. To this 
end, it can be confirmed that the strengthening induced by dislocation-looping mechanism 
played little role towards the overall strength of the brazed joint. We now consider the potential 
strengthening effect as a result of coherency strain hardening. 
Coherency strain hardening occurs due to lattice mismatch between the precipitates and 
the matrix [122]. When a dislocation passes through ordered precipitates, it creates antiphase 
boundary (APB). Consequently, the energy required to create APB opposes the passage of 
dislocation, which in turn increases the strength of the material. It was also reported that the 
overall strength would increase as the precipitate size increases [123]. For single crystal Ni-
based superalloys, TEM studies have shown that gamma prime precipitates shearing by 
dislocations are operative up to 800 °C, whereas above 800 °C the plastic flow occurs by 
dislocation-looping mechanism [124]. It is of interest to comment on the directionality of the 
interaction force between a dislocation and a coherent precipitate, i.e. attractive or repulsive, 
as this could determine whether such an effect is positive or negative towards the overall 
material strengthening. A given dislocation would experience equal numbers of attractive and 
repulsive forces and the maximum interaction force is identical for both attractive and repulsive 
particles [125]. The main difference between attractive and repulsive interactions being that 
for repulsive particles, the maximum force acts before the dislocation reaches the precipitate, 
while for attractive interactions, the maximum force occurs after the dislocation has passed the 
particle [125]. This indicates that a dislocation would always experience a repulsive force when 
interacting with a coherent precipitate, either before or after passing the particle. As a result, 
dislocation motion in this context means that an additional stress is required for a dislocation 
to glide through the metal matrix, hence contributing to the material strength. 
Based on the high-resolution TEM observations, Figure 5-7(d) and Figure 5-7(e), it is 
evident that a cube/cube crystallographic relationship existed between the precipitates and the 
matrix. The lattice constant misfit δmatrix-precipitate was estimated as 5.0% by analysing the 
interplanar spacings of the precipitates for the [011̅] zone axis of the matrix, Figure 5-6(b) and 
Figure 5-6(c). The misfit of lattice constant would produce a local strain field surrounding the 
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precipitates. Although the precipitates (117 ± 25 nm) in this work are much larger than those 
encountered in conventional precipitation hardened alloys, Sengupta et al. [124] reported that 
coherency strain hardening could remain effective for precipitates with sizes up to 1.1 µm. The 


















=  (5-2) 
 
where all the symbols have been defined earlier. σCoherency from the strain field of the precipitate 
was calculated to be ~60 MPa. However, the precipitation related strengthening mechanism 
(dislocation-pinning and coherency strain hardening) cannot provide a reasonable explanation 
to the enhanced fracture stress σf (~500 MPa, Figure 4-1) in the copper brazed joint. 
Grain size reduction strengthening could also contribute towards the enhanced fracture 
stress. The Hall-Petch relationship relates the yield stress and polycrystal grain size via an 





 − = +  (5-3) 
 
where k is a constant, σ0 is the yield strength of single polycrystals and σHall-Petch represents the 
strengthening induced by grain size reduction. d is the mean grain size. To assess the 
contribution of grain size reduction strengthening, k of 0.1 GPa·√µm [4,127] was applied to 
give an enhancement of ~10 MPa. Therefore, the grain size reduction strengthening played 
little role for the brazed joint.  
The SAED results in Figure 5-6(b) and Figure 5-6(c) reveals that the lattice constant of the 
copper matrix (0.374 nm) was larger than that of pure fcc copper (0.361 nm), suggesting a 
solid-solution effect with lattice distortion due to the presence of solute elements. In this 
context, STEM-EDX elemental mapping as well as point analysis was conducted and reported 
here to support in quantifying the solute elements within the copper matrix. STEM-EDX 
elemental mapping of the precipitates is presented in Figure 5-8(a)-(f). It is evident that 
manganese, Figure 5-8(f), was homogeneously distributed throughout the joint region, whereas 
the amounts of chromium, iron and nickel, Figure 5-8(b), (c) and (e), were location dependent 
and concentrated at the precipitates. Thus, the petal-shaped precipitates were enriched in 
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chromium, iron and nickel while relatively depleted in copper when compared to the copper 
matrix, Figure 5-8(d). This finding is consistent with what was observed from SEM-based EDX 
result, Figure 5-4. Furthermore, STEM-EDX point analysis was performed to obtain a semi-
quantitative evaluation of the elemental distribution; the results were based on the average of 
five measurements. The copper matrix contained 5.9 ± 0.1% Ni, 2.9 ± 0.1% Fe, 1.9 ± 0.1% Mn, 
0.6 ± 0.1% Cr and 88.7% Cu (all in wt.% unless otherwise stated), whereas the petal-shaped 
precipitates contained 16.9 ±3.3% Ni, 39.8 ± 10.8% Fe, 1.9 ± 0.1% Mn, 8.0 ± 1.3% Cr and 
33.4% Cu, Table 5-2. Note the STEM-EDX revealed a higher amount of Ni, Fe, Mn, and Cr 
for the copper matrix as well as the precipitates. This difference was attributed to the different 
sampling volumes for STEM-EDX and SEM-EDX, that the STEM-EDX was based on a thin 
foil, whereas SEM-EDX was based on thick metallurgical samples with potential influences 
from material beneath the surface. The STEM-EDX result is consistent with SEM-EDX in 
terms of showing significant concentration of Fe, Cr and Ni within the precipitates. In addition, 
homogeneous distribution of Mn within the joint region was revealed by both STEM-EDX and 
SEM-EDX, Table 5-1 and Table 5-2. 
 
Table 5-2: STEM-EDX data obtained by point analysis for the copper matrix and star-shaped 




Cu Fe Cr Ni Mn 
Copper matrix 88.7 2.9 ± 0.1 0.6 ± 0.1 5.9 ± 0.1 1.9 ± 0.1 





Figure 5-8: (a) HAADF imaging of petal-shaped precipitates; (b) to (f) STEM-EDX element 
mapping 
 
To this point, it is critical to verify the EDX results by comparing with the theoretical 
elemental migration during brazing. It is known that diffusion coefficient increases with 
temperatures, it is thus reasonable to consider the high temperature regime only during the 
brazing cycle (~1050 °C and above, Figure 3-2), where most elemental diffusion would happen. 
Since EDX result indicates that Mn was homogeneously distributed within the joint region, 
Table 5-2 and Figure 5-8, diffusion characteristic of Mn in Cu is now briefly discussed. 
Based on the data available from existing literature, diffusion coefficient of Mn in Cu at 
1069.2 °C is 1490 × 10-15 m2/s [128]. An estimation of the diffusion distance can be determined: 
𝑥 = √𝐷𝑡, where x represents the diffusion distance, D and t are the diffusion coefficient and 
time, respectively. According to the brazing cycle, Figure 3-2, the duration above 1069.2 °C 
was ~12.5 min. The diffusion distance of Mn in Cu can thus be calculated as ~33.4 μm. Note 
the brazing temperature in the current study was 1120 °C, and pure Cu melts at 1084 °C. 
Therefore, the diffusion coefficient of Mn at 1120 °C will be much higher as there are more 
vacant lattice sites in molten Cu. Hence, the diffusion distance of Mn in molten copper is 
expected to be much higher than ~33.4 μm. Considering that inter-diffusion was to happen 
from both sides of the brazed joints, it is very likely that Mn would diffuse throughout the 
entire joint thickness of ~100 μm without segregation. In addition, Mn is completely soluble in 
53 
 
Cu and form Cu-Mn solid solution, which has fcc crystal structure and can be retained at room 
temperature when Mn is less than 83 at. % [129]. 
For other alloying elements (from the base metal) including Fe, Ni and Cr, the 
corresponding diffusion coefficients are at the same magnitude as compared to Mn [128,130]. 
It is thus expected that Fe, Ni and Cr would diffuse at a higher rate as compared to Mn because 
of their higher concentration within the base metal. Consequently, Fe, Ni and Cr are expected 
to distribute homogeneously within the copper matrix without any chemical gradients. Since 
Fe, Ni and Cr were associated with the star-shaped precipitates, Figure 5-8, the homogeneously 
distributed precipitates (Figure 5-4 and Figure 5-5) can also be considered as an experimental 
evidence to support the claim of homogeneous distribution of Fe, Ni and Cr. 
Based on the STEM-EDX elemental analysis as well as the theoretical considerations, the 
matrix can be treated as a solid-solution of copper with iron, chromium, nickel and manganese 
being the solute elements. Therefore, a classic model for substitutional solid-solution 








 =  (5-4) 
 
where c is the molar ratio of the solute elements in the copper matrix. The interaction parameter 
δss can be simplified as δss = |3δmatrix-solute| [131,132]. δmatrix-solute is the lattice constant misfit 
between the copper matrix and corresponding solute element. For example, the lattice constant 
misfit δmatrix-Fe was calculated as 23.3% by adopting the lattice constant of 0.374 nm for Cu 
matrix (SAED, Figure 5-6(b)) and 0.287 nm for Fe, respectively. By adopting elemental 
distribution obtained from STEM-EDX, Table 5-2, the solid-solution strengthening effect can 
be readily calculated. For example, solid-solution strengthening due to the presence of Fe 
(converted molar ratio c = 3.3%) was ~20 MPa. Similarly, solid-solution strengthening induced 
by Cr, Ni and Mn were ~10 MPa, ~3 MPa and ~200 MPa, respectively. In sum, the 
enhancement caused by Mn plays a vital role in the solid-solution strengthening among all the 
substitutional elements in the copper/stainless steel brazed joint. In fact, Mn was known to 
cause strengthening effect when added into Cu [133], where the Cu-4.0 Mn (wt. %) alloy had 
an ultimate tensile strength of ~500 MPa. Therefore, it is concluded that Cu-Mn solid solution 






This chapter examined the microstructural characteristics of the Type 304 stainless steel 
brazed joints. This includes the grain size and texture of the joint region, together with the 
hardness heterogeneity that was derived by using instrumented nanoindentation. In addition, 
elemental distribution was evaluated by EDX and the theoretical joint strength was estimated 
according to the collected microstructural data. Based on the results obtained the following 
conclusions can be made: 
1. There were two primary phases within the joint region: the copper-rich matrix and the 
iron-copper-rich precipitates. 
2. Hardness values measured by instrumented nanoindentation revealed increased 
strength of 1.1 GPa for the joint region, which was significant higher when compared 
to the bulk filler metal. 
3. The copper matrix was rich in copper with small amount of iron, chromium, nickel and 
manganese. Manganese was homogeneously distributed throughout the joint region 
while iron, chromium and nickel are location-dependent, with significant concentration 
at the precipitates. 
4. Theoretical evaluation of the joint strength has suggested that Cu-Mn solid-solution 
strengthening dominated the overall strengthening of the brazed joints, whereas 
contributions from precipitation hardening and grain size reduction strengthening were 
limited. 
 
Taking the fracture strength of polycrystal copper as ~200 MPa, the theoretical fracture 
strength of the brazed joint can be predicted as ~400 MPa when adding the Cu-Mn solid-
solution contribution linearly. However, this theoretically calculated material strength is still 
lower than the experimentally derived σf of ~500 MPa, Figure 4-1. Hence, the microstructural 








One immediate question might arise as to whether the mechanical constraint induced stress 
triaxiality, can be used to reconcile the discrepancy between the calculated fracture strength of 
~400 MPa and the experimental fracture stress of ~500 MPa, Figure 4-1. To address this, 45° 
joint configuration was employed, i.e. the brazed joint was orientated at 45° with respect to the 
loading direction. The design of 45° joint aimed at promoting a shear-type of failure as the 
maximum in-plane shear stress is inclined at 45° with respect to the tension axis. As 
demonstrated in previous simulation work [26,29], the level of stress triaxiality of 
axisymmetric tensile specimens, angled at 30° to 45° with respect to the far-field loading axis, 
were much reduced as compared to that of 90°. Thus, the 45° joint configuration would 
plastically deform in shear under a reduced level of mechanical constraint (i.e. a low stress 
triaxiality) as compared to the 90° counterpart, enabling a direct comparison of the overall 
strength of brazed joints under different mechanical constraint levels. Interrupted tensile testing 
was also conducted on the 45° and 90° brazed joints to understand the microscopic aspect of 
mechanical constraint. For this purpose, flat specimens were used to allow direct observation 
of the plastic flow of the brazed joint at 45° and 90° orientations. In addition, uniaxial tensile 
testing was also performed on these flat specimens. The fracture strengths of the flat specimens 
were compared with those from the cylindrical specimens, to ensure that the mechanical 
constraint being on the same level for both designs. 
The design and tensile test results of the 45° joint configuration is given in Section 6.2. 
This is followed by investigation of plastic flow of the 45° and 90° brazed joints in Section 6.3. 
Finally, the mechanical constraint effect and its contribution to the mechanical strength is 
discussed in Section 6.4, together with the microscopic aspect of mechanical constraint. 
 
6.2 Fracture strength and fractography of 90° and 45° brazed joints 
 
For the 45° joint configuration, copper foil was inserted in between the stainless steel 
blocks, Figure 6-1(a), at 45° with respect to the loading direction. The extraction of tensile 
specimens was identical to that performed on the 90° brazed joint, Figure 6-1(b) and Figure 3-
1. Note that the 45° brazed joint had similar equiaxed grains, weak texture, and an average 
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grain size of 60.3 ± 7.2 µm (for brevity, results are not shown in this work). Three specimens 
per joint design (90° and 45° orientations) were tensile loaded to failure and the average 
property was derived. The interrupted tensile tests were performed, and the specimens were 
loaded up to 90% of the final fracture stress. 
 
 
Figure 6-1: (a) Fabrication of the 45° joint; (b) flat tensile specimen with the brazed joint 
orientated at 45° with respect to the loading direction 
 
 
Figure 6-2: Axial stress-strain curves of the 90° and 45° brazed joint. Insets (a) and (b) 
represent fracture surfaces of the 90° and 45° joint configurations, respectively 
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Table 6-1: Tensile properties of the 90° and 45° brazed joint configurations 
Material σy (MPa) σf (MPa) ε (%) 90% of σf (MPa) 
90° brazed joint 226 ± 0.1 478.7 ± 4.2 15.4 ± 0.3 ~430 




~50 ~200 32.4 N/A 
 
The engineering stress-strain curves of the 90° and 45° brazed joints are presented in 
Figure 6-2. The corresponding 0.2% offset yield stress, σy, fracture stress, σf, as well as 
elongation-to-failure strain, ε, are summarised in Table 6-1. Tensile properties of 
polycrystalline copper as well as precipitation-hardened copper obtained from the literature are 
also listed in Table 6-1 for comparison. The 90° brazed joint had a fracture stress of 478.7 ± 
4.2 MPa and elongation-to-failure strain of 15.4 ± 0.3%. The fracture surface, as shown in the 
inset (a) in Figure 6-2, revealed equiaxed dimples with sizes ranging from 30 µm to 100 µm, 
suggesting a ductile fracture mode. Overall, the 90° brazed joint exhibited enhanced tensile 
strength (both σy and σf) when compared to the filler metal (i.e. polycrystalline pure copper), 
Table 6-1. This observation is consistent with the nanoindentation results, Figure 5-3(b), in 
terms of revealing enhanced mechanical strength. In addition, the fracture strength σf of ~480 
MPa is similar to those obtained from the cylindrical specimens of ~500 MPa, thus confirming 
that the mechanical constraint conditions for these two specimens are on the same level. 
The 45° brazed joint had a fracture stress of 385.6 ± 8.5 MPa with elongation-to-failure 
strain of 10.6 ± 0.9%, being ~20% lower than the 90° counterpart, Table 6-1. The yield strength 
of 206 ± 0.1 MPa was also lower than that of 226 ± 0.1 MPa for the 90° counterpart, Figure 6-
2. Note the strains were obtained based on the 10 mm gauge sections of the tensile specimens. 
Thus, the strain values reported in Figure 6-2 included elongations of the stainless steels and 
the brazed joints. SEM fractography revealed elongated dimples, indicating a shear-failure 
mode, inset (b) in Figure 6-2. To this end, the load for conducting interrupted tensile tests was 
taken as ~430 MPa and ~345 MPa (90% fracture strength) for the 90° and 45° joint 
configurations, respectively, Table 6-1. Since the joint microstructures were identical for the 
90° and 45° configurations, Figure 5-1, the lower tensile strength of the 45° joint can be 
attributed to the reduced mechanical constraint effect. The elongated dimples on the fracture 




6.3 Plastic flow characteristics 
 
Figure 6-3(a) and Figure 6-3(d) present SEM-BSE images for the 90° and 45° brazed joints 
strained to 90% of the fracture stress (~430 MPa and ~345 MPa, respectively), and the viewing 
direction (Y axis) is indicated in Figure 6-2. It was found that dislocation contrast selectively 
appeared at certain grains in the 90° joint, Figure 6-3(a), suggesting a preferred slip occurring 
with respect to the active slip systems. By comparison, dislocation contrast was uniformly 
distributed for the 45° counterpart, indicating homogeneous plastic deformation. Figure 6-3(b) 
and Figure 6-3(e) reveal the deformation characteristics within individual grains of the 90° and 
45° joint configurations where the banded structures are present. Higher-magnification SEM 
images reveal the formation of extended boundaries for the banded structures, Figure 6-3(c) 
and Figure 6-3(f). These boundaries are characteristics of dislocation cell block structures as 
their appearance is a consequence of accommodation of slip system differences [64]. TEM 
observation of similar dislocation structures [64] confirmed these two types of boundaries, i.e. 
geometrically necessary boundaries (GNBs) that separate the cell block structures and 
incidental dislocation boundaries (IDBs) defining equiaxed volumes in between the GNBs [1]. 
This is illustrated in Figure 6-3(c) and Figure 6-3(f) where the solid yellow lines represent the 
GNBs and the dotted lines (in between solid yellow lines) denote IDBs. It was also reported by 
Hughes and Hansen [58] that GNBs are dense dislocation walls composed of GNDs, which are 
developed from slip system differences due to inhomogeneous plastic deformation [53]. In 
contrast, IDBs are groups of statistically stored dislocations being developed by mutual 




Figure 6-3: SEM-BSE images of brazed joints strained to 90% of the fracture stress, (a) to (c) 
90° joint configuration; (d) to (f) 45° joint configuration. The loading direction is indicated by 
yellow arrows in (a) and (d) 
 
The GNB spacings of the 45° and 90° joints were measured in ImageJ (intersect method) 
and the average value was reported, this was determined from more than 100 cell block 
structures across multiple grains. As representatively demonstrated in Figure 6-3(c) and Figure 
6-3(f), GNB spacing in the 45° joint (0.33 ± 0.15 µm) was smaller than the 90° counterpart of 
0.43 ± 0.15 µm. According to the evolution theory for dislocation cell block structures [61], 
new GNBs would always form preferentially within thicker cell block structures. This would 
allow subdivision of cell block structures to accommodate additional lattice curvature, hence 
reducing the overall GNB spacing. In addition, Mishin et al. [54] reported that GNB spacing 
would decrease with increased plastic strain, while misorientations across them increase. 
Hence, the smaller GNB spacing indicates a higher strain level for the 45° brazed joint. Since 
the 90° and 45° joints were subjected to 90% of the corresponding fracture stresses (~430 MPa 
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and ~345 MPa, respectively), the 45° joint thus showed a higher strain level at a lower applied 
stress. This finding substantiates that the 45° brazed joint was less constrained when compared 
to the 90° counterpart. The higher strain level also supports that the critically resolved shear 
stress was maximised when inclined at 45° in respect to the tension axis, as was also 
substantiated by the fracture surface observed from tensile test of these samples, Figure 6-2. 
 
 
Figure 6-4: (a) and (b) EBSD orientation maps of 90° and 45° joint configuration at as-brazed 
condition; (c) 90° and (d) 45° brazed joints that had been strained to 90% of the fracture stress 
 
Figure 6-4 shows EBSD orientation maps of the 90° and 45° joints, with Figure 6-4(a) and 
Figure 6-4(b) for the as-brazed (i.e. no-stress) condition, while Figure 6-4(c) and Figure 6-4(d) 
are for the strained condition. The macroscopic base-filler metal interfaces are indicated by 
white arrows. The EBSD measurement noise increased with the increasing plastic strain due to 
the lattice distortion induced by the increase in dislocation density, i.e. indexing success rate 
[53]. Nevertheless, greater than 90% indexing success rate was always achieved for the heavily 
strained specimens in the present work. This made the subsequent detailed GND analysis 
reliable. The black dots within individual grains in Figure 6-4(a) and Figure 6-4(b) 
corresponded to the star-shaped precipitates that cannot be resolved in these EBSD scans. The 
presence of local strain gradient for both the 90° and 45° joints after being strained to 90% of 
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the fracture stress, Figure 6-4(c) and Figure 6-4(d), were revealed by the large degree of 
misorientation induced lattice curvature. The regions with alternating colours highlighted by 
dashed circles in Figure 6-4(c) and Figure 6-4(d) corresponded to the cell block structures 
observed in Figure 6-3(c) and Figure 6-3(f).  
To further reveal the influence of mechanical constraint on the plastic flow of brazed joint, 
EBSD scan of a larger field-of-view at a refined step size of 0.1µm was performed and the 
results are shown in Figure 6-5. The viewing direction was along the X axis indicated in Figure 
6-2. It can be seen that dislocation contrast selectively appeared at certain grains in the 90° 
joint, Figure 6-5(a), whereas dislocation contrast was uniformly distributed for the 45° 
counterpart. This observation is consistent with SEM-BSE images presented in Figure 6-2 and 
confirms that the 45° brazed joint was less constrained when compared to the 90° joint. As a 
result of the refined EBSD step size, interfacial products were readily revealed, the white 
arrows in Figure 6-5 indicates the base-filler metal interface as well as the interfacial products. 
Interfacial products with similar morphologies were recently reported in brazing of 
stainless steel materials. For example, interfacial products were revealed via EBSD for Type 
316L stainless steel brazed joint processed with BNi-2 filler metal [135,136]. Zhang et al. [137] 
reported Cu-Ni and Fe-Ni intermetallic compounds as interfacial products at the base-filler 
metal interface of 316L stainless steel brazed joints processed with Cu alloys. In addition, Wei 
et al. [138] reported that these interfacial phases were bcc crystal structure, and these were 
formed by phase transformation from fcc during the cooling process. However, the underlaying 
mechanism of such phase transformation was not specified. For the brazed joints studied in the 
current work, all the base metals were prepared to different surface roughness conditions. It is 
therefore postulated that the observed interfacial products could also form via static 
recrystallisation. During the high temperature of brazing, the accumulated strain energy on the 
surface layer of the base metal would become the driving force to nucleate new dislocation-
free grains, followed by subsequent grain growth during cooling. However, additional 
experiment is needed to validate this claim and no evidence could be identified from the 
existing literature to support this hypothesis. Since the observed interfacial phases could 
contribute towards the strength of the brazed joints and detailed characterisation of these would 
develop in-depth understanding of the strengthening mechanism, systematic study of these 




Figure 6-5: (a) and (b) EBSD orientation maps of 90° and 45° joint configuration at 90% 
strained condition; the viewing direction is along the X-axis as indicated in Figure 6-2 
 
 
Figure 6-6: (a) and (b) EBSD orientation maps of 90% strained 90° and 45° joints at higher 
magnification; the viewing direction is along the X-axis as indicated in Figure 6-2 
 
EBSD orientation map at a higher magnification is presented in Figure 6-6, where the 
interfacial products (white arrows) as well as the star-shaped precipitates can be clearly seen. 
In addition, plastic flow of the 45° joint configuration reveals dislocation cell block structures 
that are identical to those observed in Figure 6-3(c) and Figure 6-3(f). Large degrees of 
misorientations can be seen at the extended boundaries of the cell block structures, Figure 6-
6(b). This observation supports that GNBs were developed to accommodate different active 







6.4.1 Contribution of mechanical constraint 
 
The strengthening effect induced by the mechanical constraint effect is now calculated to 
fill the gap between the theoretical joint strength of ~400 MPa (Cu-Mn solid-solution 
strengthening) and the experimentally determined value of ~480 MPa, Figure 6-2, Table 6-1. 
For the 90° brazed joint that was under uniaxial tensile loading, both the base and filler metal 
would elongate in the longitudinal direction and contract in the transverse direction. However, 
plastic deformation of the joint would be restricted by the base metal due to elastic-plastic 
incompatibility, thereby introducing stress triaxiality. The stress state and deformation of 
brazed joints are therefore analogous to a specimen undergoes necking. As schematically 
shown in Figure 6-7(a), upon necking, the uniaxial stress state is modified by the geometrically 
irregularity, leading to the presence of a triaxial stress state [140]. It then becomes important 
to derive the longitudinal flow stress after necking, i.e., correcting the experimentally obtained 
fracture stress. 
For isotropic cylindrical specimens under tensile loading, Bridgman [19] formulated a 
geometric approximation to obtain the longitudinal flow stress σTB that accounts for the 
presence of the transverse components of stress σr and σθ, Figure 6-7(a), assuming a uniform 
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where σT represents the true flow stress prior to applying the Bridgman correction, a is the 
internal radius of the tensile specimen at the minimum cross section, and R is the radius of the 
external curvature of the necking profile as indicated in Figure 6-7(b). Although the Bridgman 
necking criteria was developed for cylindrical specimens, Zhang et al. [141] confirmed that it 
can be used for specimens with rectangular cross sections and the correction of longitudinal 





Figure 6-7: (a) Illustration of specimen width and thickness, as well as stress triaxiality; (b) 
Bridgman necking parameters R and a; (c) determination of R on Z-X plane; (d) R values for 
specimens strained to 90% of the fracture stress 
 
Table 6-2: Average and standard deviation (STDEV) of thickness and width of specimens 
before (W & L) and after (W’ & L’) tensile failure; Bridgman necking parameters of the internal 
radius a and external curvature radius R observed on Z-X and Z-Y planes 
 












σf W L W’ L’ σT a R σTB a R σTB 
Average  478.7 5.92 2.94 4.95 2.45 687.7 1.22 0.20 367.6 2.48 0.37 359.3 
STDVE 4.2 0.02 0.05 0.04 0.04 11.6 0.02 0.02 8.1 0.02 0.02 4.7 
 
In this work, we firstly calculated the true flow stresses σT at sample fracture of the brazed 
joints. This was achieved by considering the reduced cross-sectional area that was measured 
from the fracture surfaces. Measurement of the thickness and width before (W & L) and after 
(W’ & L’) tensile failure was performed on three tensile specimens. The average values were 
calculated and are given in Table 6-2. Note, the average Bridgman necking parameters are also 
listed in Table 6-2. To this end, the average width of tensile specimens reduced from 5.92 mm 
(W) to 4.95 mm (W’) and the thickness reduced from 2.94 mm (L) to 2.45 mm (L’). The true 
flow stress at sample fracture σT was thus determined as 687.7 MPa, Table 6-2.  
The Bridgman necking parameter R was measured from the fractured tensile specimens as 
shown in Figure 6-7(c). Circles were used to fit the external curvature in the necking region 
and the radius was considered as the R values. The average value of R derived from Z-X plane 
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was 0.20 mm, Table 6-2. To ensure the accuracy of R, Zhang et al. [142] proposed to verify 
the deformed cross sections by performing interrupted tensile tests. Therefore, we examined 
the external curvature radius of specimens that had been strained to 90% of the fracture stresses. 
The radius values ranged from ~0.20 mm to ~0.30 mm when observing on Z-X plane, Figure 
6-7(d).  
Therefore, we can confirm that the Bridgman necking parameter R determined from the 
failed specimen (0.20 mm, Table 6-2) is accurate, as it is similar to that determined from the 
interrupted tensile specimens. The Bridgman necking parameter a (internal radius at the 
minimum cross section) was taken as half of the width of the specimen after tensile failure, i.e. 
a was taken as 1.22 mm when observing on Z-X plane. Thus, Eq. (6-1) was adopted to derive 
the longitudinal flow stress σTB, which was 367.6 MPa when calculated with parameters from 
the Z-X plane, Table 6-2. Similarly, σTB of 359.3 MPa was also calculated based on parameters 
obtained from Z-Y plane, Table 6-2. To this end, σTB derived from Z-X and Z-Y planes are 
similar and the average value is taken as ~360 MPa. 
The longitudinal flow stress σTB of ~360 MPa suggests that the brazed joints would fail at 
a much lower stress level without the presence of mechanical constraint. This value is only 
slightly lower than the theoretical fracture strength of ~400 MPa based on Cu-Mn solid-
solution contribution. Hence, it is judged that the longitudinal flow stress σTB at sample fracture 
agrees reasonably well with the theoretical joint strength. In addition, difference between the 
longitudinal flow stress σTB (~360 MPa) and the true flow stress σT at sample fracture (~690 
MPa) is considered as the contribution of mechanical constraint, i.e. ~330 MPa. Therefore, the 
enhanced tensile strength of brazed joints can be considered as a combined effect of 
microscopic Cu-Mn solid-solution strengthening and macroscopic mechanical constraint effect. 
 
6.4.2 Microscopic explanation for mechanical constraint 
 
By creating the 45° brazed joint configuration (base-filler metal interface at 45° with 
respect to the loading axis), the level of mechanical constraint was reduced (lower stress 
triaxiality). To provide a microscopic explanation to the mechanical constraint, it is important 
to examine the GND distribution across the brazed joints. GND distribution was calculated for 
the 90° and 45° joint configurations for the as-brazed and strained condition. The kernel 
average misorientation (KAM) method was used to determine the local misorientation. Using 
continuum dislocation mechanics developed by Nye and Kroner [46], the dislocation density 
can be related to the lattice curvature assuming neglectable elastic strain. Note that EBSD-
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based dislocation analysis considers GNDs only [32]. This is because GNDs are associated 
with long-range lattice curvature, whereas statistically stored dislocations are in the form of 
tangles without a net Burgers vector [53]. It is also realised that GND density derived from 
EBSD varies with step size [36]. Hence, the step size for EBSD scans in the current work was 
kept as 0.25 µm to minimise the measurement error. 
 
 
Figure 6-8: (a) and (b) GND distributions within the 90° and 45° joints for the as-brazed 
condition; (c) and (d) GND distributions for the strained condition 
 
Figure 6-8 shows the derived GND density within the 90° and 45° joints for the as-brazed, 
Figure 6-8(a) and Figure 6-8(b), and the strained condition, Figure 6-8(c) and Figure 6-8(d). 
The overall GND density was relatively low at as-brazed condition, being 1.0 × 1014 m-2 for 
both joint configurations, Figure 6-8(a) and Figure 6-8(b). For the 90° joint at strained 
condition, high GND density was observed for certain grains that were potentially favourably 
orientated, Figure 6-8(c). This is consistent with the observation of selectively occurred 
dislocation contrast for the 90° joint, Figure 6-3(a). In addition, GND density was higher near 
grain boundaries and triple junctions, see arrows in Figure 6-8(c), with a lower GND density 
within grain interiors. These observations comply with Ashby’s theory [52] that GNDs are 
generated to ensure lattice continuity [21]. For the 45° joint at strained condition, Figure 6-8(d), 
GND density was uniformly distributed across the joint region, supporting homogeneous 
dislocation contrast in Figure 6-3(d). 
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To provide a quantitative measure of GND distribution, in particular near the base-filler 
metal interface, the average GND density was derived at different distances to the interface as 
shown in Figure 6-9. For the as-brazed joint, GND density (circular symbols) was 1.0 × 1014 
m-2 for both 90° and 45° configurations, confirming no GND segregation near the interfaces at 
as-brazed condition. At 90% strained condition, the 45° joint (hollow symbols) showed high 
GND density of 3.0 × 1014 m-2 across the joint region without much fluctuations. In contrast, 
GND gradient was clearly revealed for the 90° joint (black triangular), being 2.5 × 1014 m-2 in 
the vicinity of the interface and 1.7 × 1014 m-2 in the joint centre at 10 to 100 µm away from 
the interface, Figure 6-9. 
 
 
Figure 6-9: Average GND densities within the 45° and 90° brazed joints at different distances 
to the base-filler metal interface 
 
The GND gradient in the 90° joint confirms the presence of elastic-plastic incompatibility 
between the base and filler metal imposed by the mechanical constraint. In other words, GNDs 
were introduced to accommodate inhomogeneous plastic deformation as a consequence of 
mechanical constraint. This finding is thus considered as an experimental (microscopic) 
evidence for strain inhomogeneity due to the presence of mechanical constraint. In contrast, 
uniform GND distribution in the 45° joint shows a reduced mechanical constraint effect. This 




Recent studies [103] demonstrated that the overall strain hardening behaviour of 
copper/bronze laminate materials, with improvements in both strength and ductility, can be 
associated with the role of interfaces. Mechanistically, the property enhancement is a result of 
the geometric discontinuity of slip systems across the interfaces [143]. Lee et al. [144] 
suggested that strain gradient could occur due to inhomogeneous plastic deformation, which 
needs to be accommodated by GNDs at the interphase boundaries. Pile-ups of GNDs would 
generate back-stresses that countervail the forward motion of dislocations and therefore 
counterbalance the applied stress, leading to enhanced strength and ductility [145,146]. Thus, 
GND pile-ups at the base-filler metal interfaces observed within the brazed joint would 




This Chapter elucidates the macroscopic material strengthening mechanism encountered 
in brazed joints. The following conclusions can be made: 
1. The enhanced tensile strength of the brazed joint was a combined consequence of 
mechanical constraint and Cu-Mn solid-solution strengthening. 
2. The mechanical constraint presented in the 90° joint led to an increased fracture strength, 
the calculation of longitudinal flow stress via the Bridgman necking criteria suggested 
a contribution of ~330 MPa. The mechanical constraint was responsible for reconciling 
the discrepancy between the calculated and experimentally determined strengths. 
3. GND gradient was confirmed for the 90° joint, being 2.5 × 1014 m-2 near the interface 
and 1.7 × 1014 m-2 in the joint centre, whereas a homogeneous GND density of 3.0 × 
1014 m-2 was found for the 45° joint. Pile-ups of GNDs at the base-filler metal interface 
provides an experimental (microscopic) evidence for strain inhomogeneity imposed by 





Chapter 7. Conclusions and recommendation of future work 
 
In summary, the enhanced mechanical strength of copper-stainless steel brazed joints is a 
concurrent result of (i) Cu-Mn solid-solution strengthening, (ii) mechanical constraint. The 
mechanical constraint is a macroscopic effect, that is caused by elastic-plastic incompatibility 
between the base stainless steel and copper-rich joint region, Figure 7-1(a). The influence of 
mechanical constraint can be quantified via the Bridgman necking criteria and is present in 
brazed joints regardless of the specific material system. In contrast, the Cu-Mn solid-solution 
strengthening can be considered as a microscopic contribution. Material strength of a brazed 
joint can be estimated by considering the intrinsic strength of the filler metal (i.e. pure Cu in 
the current work) and additional strengthening caused by elemental inter-diffusion. This 
microscopic contribution is material dependent and can be modified by changing the 
processing parameters. Furthermore, GND pile-ups at the base-filler metal interface provides 
an experimental (microscopic) evidence for strain inhomogeneity imposed by the mechanical 
constraint, as schematically illustrated in Figure 7-1(b). 
 
 
Figure 7-1: (a) Mechanical constraint and induced stress triaxiality in 90° brazed joint; (b) 
schematic illustration of Cu-Mn solid-solution strengthening and pile-ups of GNDs at the base-






According to the experimental investigation in Chapter 4, 5, and 6, some key findings are 
listed below: 
1. Interface roughness conditions have negligible influence on the mechanical strength of 
the Type 304 stainless steel brazed joints. This is because failure of the brazed joints 
happened entirely within the joint region (in the centre of the filler metal) rather than at 
the interfacial region. 
2. For defect-containing brazed joints, larger defects lead to higher fatigue crack growth 
rate at the initial stage. Qualitatively, the fatigue cycles to failure was found to decrease 
with the increase of defect size. 
3. Theoretical evaluation of the brazed joint microstructure suggested that Cu-Mn solid-
solution strengthening dominated the overall strengthening, whereas contributions from 
precipitation hardening and grain size strengthening were limited. 
4. The contribution of mechanical constraint to the overall joint strength was estimated as 
~330 MPa by adopting the Bridgman necking criteria. 
5. The enhanced mechanical strength of brazed joint is a concurrent result of microscopic 
Cu-Mn solid-solution strengthening and macroscopic mechanical constraint effect. 
6. The pile-ups of GNDs at the base-filler metal interface provides an experimental 
evidence for the strain inhomogeneity induced by the presence of mechanical constraint. 
 
Based on the experimental observations in the current work, some future works are 
recommended and listed below: 
1. To investigate different brazing processes to assess the influences of key processing 
parameters, such as brazing environment, time and cooling rate. For example, the 
brazing temperature and cooling rate can be refined to introduce a nanoscale dispersion 
of Fe-Cr-Cu precipitates that will further increase the joint overall strength. 
2. To further characterise the properties of the copper-stainless steel brazed joints, i.e., to 
investigate low cycle fatigue and creep properties at both room and elevated 
temperatures.  
3. To conduct detailed characterisation of the interfacial products at the base-filler metal 
interface. This includes their chemical composition and crystallographic characteristics, 
together with the corresponding formation process. In addition, plastic flow of these 




4. To conduct in-situ tensile test coupled with digital image correlation technique to 
investigate strain heterogeneity imposed by the presence of mechanical constraint in 
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